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ABSTRACT
Laser beam combining and beam shaping are two important areas with applications
in optical communications, high power lasers, and atmospheric propagation studies. In this
dissertation, metaoptical elements have been developed for spectral and spatial beam
shaping, and multiplexing. Beams carrying orbital angular momentum (OAM), referred to
as optical vortices, have unique propagation properties. Optical vortex beams carrying
different topological charges are orthogonal to each other and have low inter-modal
crosstalk which allows for them to be (de)multiplexed. Efficient spatial (de)multiplexing
of these beams have been carried out by using diffractive optical geometrical coordinate
transformation elements. The spatial beam combining technique shown here is
advantageous because the efficiency of the system is not dependent on the number of OAM
states being combined. The system is capable of generating coaxially propagating beams
in the far-field and the beams generated can either be incoherently or coherently
multiplexed with applications in power scaling and dynamic intensity profile
manipulations. Spectral beam combining can also be achieved with the coordinate
transformation elements. The different wavelengths emitted by fiber sources can be
spatially overlapped in the far-field plane and the generated beams are Bessel-Gauss in
nature with enhanced depth of focus properties.
Unique system responses and beam shapes in the far-field can be realized by
controlling amplitude, phase, and polarization at the micro-scale. This has been achieved
by spatially varying the structural parameters at the subwavelength scale and is analogous
to local modification of material properties. With advancements in fabrication technology,
ii

it is possible to control not just the lithographic process, but also the deposition process. In
this work, a unique combination of spatial structure variations in conjunction with the
conformal coating properties of an atomic layer deposition tool has been utilized to create
metal-oxide nano-hair structures that are compatible with high power laser systems. These
devices are multifunctional – acting as resonant structures for one wavelength regime and
as effective index structures in a different wavelength regime. Discrete and continuous
phase functions have been realized with this controlled fabrication process. The design,
simulation, fabrication and experimental characterization of these optical elements are
presented.
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CHAPTER ONE
INTRODUCTION
1.1. General overview
Optical elements typically manipulate amplitude, phase, spatial structure and/or
polarization of an incident light beam. There is an increasing interest towards
miniaturization and integration of optical components to reduce the size, weight, cost, and
power consumption. There has been a significant amount of research in the fields of microoptics [1],

integrated

optics [2],

laser

beam

combining [3],

and

optical

communications [4]. In all these areas, diffractive optical elements play a crucial role in
the miniaturization and integration process of conventional optical systems, especially with
progress in advanced fabrication techniques.
George R. Harrison claimed, “No single tool has contributed more to the progress
of modern physics than the diffraction grating”, the diffractive grating is a very useful and
versatile optical element finding applications in many areas, especially in spectroscopy. In
addition to spectroscopy, diffraction gratings also find applications in holography, imaging
systems, filtering, polarizers, beam splitters, laser cavities, interferometry, and laser pulse
compression [5].
In this dissertation, the main goal is the development of novel diffractive optical
elements for applications in laser beam shaping, spatial and spectral beam combining.
Coordinate transformations based diffractive optical elements have been investigated for
spatial and spectral beam combining. New fabrication techniques have been developed and
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applied for the creation of space-variant phase optical elements with unique multiplexed
spatial and spectral functionalities. This was achieved by introducing spatial variations in
the structural parameters of the elements and exploiting the conformal coating nature of an
atomic layer deposition tool. The subsequent sections in this chapter provide an overview
of the different concepts that have been used throughout this dissertation.
1.2. Refractive and diffractive optical elements
In a refractive optical element, light is manipulated by the thickness variations of
an analog surface. Lenses and prisms are classic examples of refractive optical elements
(Fig. 1.1). Typically, in designing the phase profiles, one calculates the local deflection
angle for each point on the input plane to obtain the necessary profile on the output plane.
This results in a smooth and continuous phase profile. More complex light distributions on
the output plane will involve more complex phase functions. Since refractives work based
on changes to the effective optical path length as light of wavelength λ passes through a
material with refractive index n and thickness h, the local phase change induced can be
computed by –

 

2  n  1



h

(1.1)

This suggests that implementation of refractive optical elements involves
significant thicknesses compared to the wavelength of light, making it very challenging to
manufacture the elements. Not all phase functions can be implemented as refractives

2

imposing an additional limitation depending on the application. Still, refractive optical
elements have very high efficiencies and can be used over a wide wavelength range.

Fig. 1.1. Phase profiles of a (left) refractive, and (right) diffractive lens.
The periodic nature of electromagnetic waves can be used to limit the phase
variations in a refractive optical element to obtain a diffractive optical element (DOE) [6].
A DOE emulates the phase function of a refractive optical element by limiting the phase
variations between 0 and 2π (diffractive lens shown in Fig. 1.1) and they work based on
the principle of diffraction of light through the structure. DOEs help realize any phase
function, even those not realizable with refractives due to stringent requirements on the
curvature and surface quality. The maximum thickness of a diffractive surface is hmax and
it is related to the wavelength of light λ and the refractive index of the material n –

hmax 


 n  1

(1.2)

One of the disadvantages of a DOE is the spectral bandwidth it can be used over.
Since the elements work based on the principle of diffraction, if it is illuminated with
another wavelength λ, as opposed to the design wavelength λo, the 1st order diffraction
efficiency becomes [7] –

  
     sinc2 1  o 
 

3

(1.3)

The variation of 1st order diffraction efficiency vs normalized wavelength is plotted
in Fig. 1.2. In spite of this disadvantage, realization of optical functions as DOEs is
important as this method is capable of producing elements that are thin, light-weighted and
compact. In addition, the phase functions can be tiled in a matrix form for applications in
multiple inputs, multiple output systems. Also, two or more phase functions can be
multiplexed on the same surface to simplify optical systems [8].
The fabrication process for manufacturing DOEs can be further simplified by the
phase quantization of the continuous phase profile. In this method, the continuous phase
profile is represented by a set of features which is periodically repeated (staircase
approximation). The higher the number of steps that is used to represent the 2π phase
variation, the higher the diffraction efficiency of such structures. A multiphase level
structure can be fabricated with an iterative series of fabrication steps. Fabrication of a N
phase level diffractive involves log2 N process steps.

Fig. 1.2. 1st order diffraction efficiency vs normalized wavelength  o   .
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Diffraction efficiency of a N phase level diffractive is given by [9] –

 sin  N  


  N 

2

(1.4)

The diffraction efficiencies of N = 2, 4, 8, and 16 level diffractives are 0.405, 0.811,
0.949, and 0.987, respectively.
1.3. Diffraction gratings
One of the most commonly used diffractive optical element is a diffraction grating,
a binary, 1D periodic structure that is composed of a series of equally spaced grooves as
shown in Fig. 1.3 [10,11]. Light that is incident on this grating geometry is diffracted by
the grooves. If θi is the angle of incidence and θd is the angle of diffraction, then the optical
path difference between two adjacent grooves is given as –

 sin i   sin d , where Λ is

the period of the grating. When this optical path difference becomes equal to an integral
multiple of the incident wavelength, then light will be in phase and interfere constructively
with each other. But, if this condition is not satisfied, this leads to destructive interference,
and the diffracted light will be cancelled.
Based on the optical path difference, it can be shown that light incident on a 1D
grating can be diffracted into a unique set of angles for constructive interference to occur
and this relationship is represented by the grating equation –
sin d ,m  sin i  m




5

; m  0, 1, 2,...

(1.5)

where θd,m and θi are the diffraction angle of the mth diffracted order and incidence angle,
respectively. Λ denotes the grating period, and λ represents the wavelength of incident
light.

Fig. 1.3. Schematic of a typical 1D diffraction grating. The different grating
parameters are shown.
An expression similar to equation (1.5) can be derived for a transmission grating
structure as well. A general grating equation for both transmissive and reflective structures
can then be written in terms of wave vectors as –
km, x  ki , x  m

2
; m  0, 1, 2,...


(1.6)

where km , x and ki , x are the diffracted and incident wave vectors along the x direction (for
a grating with periodicity along the x direction). The quantity K  2  is the grating
vector.
Based on equations (1.5), it can be seen that for a given set of grating parameters,
the equation can be satisfied by more than one value of m, implying that a diffraction
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grating is capable of having multiple diffracted orders. However, only if sin d ,m  1 , there
will be real solutions for θd,m and these diffracted orders can propagate. But, if sin d ,m  1
, then the corresponding diffracted orders are evanescent; they have a exponentially
decaying field and cannot be detected very far away from a grating surface. These
evanescent orders cannot be ignored and they have to be included into rigorous
electromagnetic modeling of grating geometries. Evanescent grating orders play an
important role in waveguide grating couplers [12].
The grating theory is not limited to 1D periodic structures; it can be extended to 2D
periodic structures as well. The 2D grating equation can be written as –

km,n  ki , x  m

2
2
n
x
y

(1.7)

where Λx and Λy are the grating periodicities along the x- and y-directions, respectively.
Some of the most common 2D periodicities investigated in the field of optics are
rectangular or hexagonal geometries as shown in Fig. 1.4.

Fig. 1.4. 2D diffraction grating geometries. (Left) rectangular, and (right)
hexagonal lattice.
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Subwavelength Gratings
Generally, diffraction gratings have grating periods larger than the wavelength of
incident light. As the grating periodicity becomes comparable to or smaller than the
wavelength of light, the grating profiles start to demonstrate very unique properties. A
grating with period smaller than the wavelength of incident light is referred to as a
subwavelength grating. From equation (1.5), it can be seen that if light is incident on a
subwavelength grating, real solutions do not exist if m  0 . This implies that only the 0th
diffraction order exists as a propagating order and all the other higher orders are
evanescent.
Subwavelength gratings can be approximated as a homogeneous layer [13] and the
effective refractive index of this layer is a function of the grating parameters. The properties
of this grating layer can be tailored for the desired optical application [14,15]. One of the
most unique properties demonstrated by a 1D subwavelength grating is its inherent form
birefringence. Based on the zero-order effective medium theory (EMT), the effective
refractive indices of a 1D grating can be written as –
1

(0)
2 2
 2

neff
,TE   fn2  1  f  n1 

(0)
eff ,TM

n



nn
 2
2
 fn1  1  f  n2 
2 2
1 2

1
2

(1.8)

where f denotes the fill factor of the grating and n2, n1 are the refractive indices of the
grating and surrounding medium, respectively.
To predict the effective refractive index more accurately, second order EMT theory
can be used and the refractive indices can be written as –
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(1.9)

For a 2D subwavelength grating, closed form solutions for the effective refractive
indices do not exist. More complex rigorous electromagnetic solutions have to be applied
to evaluate the properties of a 2D grating structure [16–18].
1.4. Analysis methods for diffractive optical elements
One of the considerations for determining the validity of an appropriate theoretical
model to evaluate the performance of a DOE, is the ratio between the illuminating
wavelength and the minimum feature size of the DOE. Scalar diffraction theory [19] is the
widely used technique for a variety of DOEs if the wavelength of light is much smaller
than the minimum feature size. A rigorous model based on electromagnetic theory is
required to predict the performance of DOEs if the feature size is comparable to the
wavelength of incident light. In this scenario, vector nature of electromagnetic waves must
be considered. Finding an exact solution involves solving Maxwell’s equations and
applying the appropriate boundary conditions in analyzing the performance of the DOE;
which is typically implemented numerically. Some commonly used numerical methods for
this purpose are Rigorous Coupled Wave Analysis (RCWA) [20,21], Method of Moments
(MOM) [22], Finite Difference Frequency Domain (FDFD) [23], Modal Method [24], and
Integral Theory [25].
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Scalar Diffraction Theory
In scalar diffraction theory, the vector nature of an electromagnetic field is ignored
and the waves are treated as a scalar field. The geometry of the propagation problem is
shown in Fig. 1.5. The light distribution in the plane z = 0 is known and the fields in the
diffraction plane located at z > 0 has to be computed. The field distribution right after the
object plane is expressed by its complex amplitude u(x, y, 0).

Fig. 1.5. Geometry for scalar diffraction theory for light propagation
between two planes.
The field propagation in free space from object plane to the diffraction plane is
governed by the scalar Helmholtz equation –

2u  x, y, z   ko2u  x, y, z   0

(1.10)

where ko is the free space wave number. For a suitable mathematical representation, the
monochromatic wave field can be decomposed into a set of plane waves propagating in
different directions, by means of a Fourier transformation [19] –
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u  x, y, z    U  k x , k y , z  exp j  k x x  k y y  k z z  dk x dk y

(1.11)

where kx, ky, and kz are the components of the k-vector. Using equation (1.11) in (1.10), a
differential equation for U  k x , k y , z  can be derived as –

 2U  k x , k y , z 
z 2

 ko2 1   k x2  k y2  ko2  U  k x , k y , z   0

(1.12)

This equation can be solved to arrive at a generalized equation for light propagation
in free space –



U  k x , k y , z   U  k x , k y , 0  exp  jko z 1   k x2  k y2  ko2



(1.13)

where U  k x , k y ,0  is the Fourier transform of u  x, y,0  . It can be seen from equation
(1.13) that the propagation process can be treated as a linear system with a propagation
transfer function –



H  k x , k y , z   exp  jko z 1   k x2  k y2  ko2



(1.14)

H  kx , k y , z  is the equation for the forward propagation kernel for both propagating

and evanescent waves. Propagation components of the spectrum are obtained if

kx2  k y2  ko2 and evanescent components are obtained if kx2  k y2  ko2 . The forward
propagation kernel can be easily adapted for back propagation of the fields; and the back
propagation kernel is simply the phase conjugate of the forward propagation kernel.
Equation (1.13) can be written in terms of the transfer function representing the
propagation kernel as –
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U  kx , k y , z   U  k x , k y ,0  H  k x , k y , z 

(1.15)

To obtain the field distribution u  x, y, z  in the diffraction plane, the inverse
Fourier transform of the transfer function representing the propagation must be taken to
obtain the impulse response of the propagation process. It was proved analytically in [26]
that the impulse response of the transfer function can be represented as –

h  x, y, z  

1 exp   jko R  z 
1
 jko  
2
R
R
R

(1.16)

where R  x 2  y 2  z 2 . The field distribution in the diffraction plane u  x, y, z  can be
expressed as a convolution operation –

u  x, y, z   u  x, y, 0  h  x, y, z 


where r 

1
2

 u  xo , yo , 0 

 x  xo    y  yo 
2

S

2

exp   jko r  z 
1
 jko   dxo dyo
r
r
r

(1.17)

 z 2 and the region of integration is over the object area

in the xoyo plane. This is known as the Rayleigh Sommerfeld diffraction integral, which
provides accurate results in the scalar domain and is valid for any region where z > 0.
The Rayleigh Sommerfeld diffraction integral can be approximated to describe the
two most used conditions in scalar diffraction theory – Fresnel and Fraunhofer diffraction,
which represent the cases of near and far field diffraction [19].
Rigorous Coupled Wave Analysis (RCWA)
One of the commonly used rigorous methods is RCWA. This method assumes that
the diffractive being analyzed is infinitely periodic; which allows the fields to be expanded
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in terms of known eigen-functions. A brief overview of this method is presented here for a
simple linear grating structure shown in Fig. 1.3.; more detailed implementation of the
technique can be found in [20,21,27]. The grating geometry is periodic, infinite along the
x- direction, and uniform, infinite along the y- direction. Along the z- direction, the grating
is divided into three regions: superstrate with refractive index n1, the grating layer and
substrate with refractive index n2. In the grating region, there is refractive index modulation
and it alters periodically between n1 and n2. The grating period is denoted by Λ and the
thickness is given by h. RCWA is a semi-analytical method – x- and y- directions are solved
numerically and z- is solved analytically. The permittivity, ε and permeability, μ is
expressed for every layer to define the eigenvalue problem.
Assume that a TE polarized wave is incident on the grating with an incident angle
θi. TE polarization refers to the case where the electric field is parallel to the grating lines
(y- direction). The normalized incident electric field can be written as –

Ei , y  exp  jko n1  sin i  x  cosi  z 
where Ei , y is the normalized incident electric field and

(1.18)

ko is the wave vector.

In the substrate and superstrate regions, the diffracted electric field from the grating
can be represented as the following two equations –





(1.19)



(1.20)

Esup, y  Ei , y   Rm exp  j  k xm x  ksup, zm z 
m



Esub, y   Tm exp  j  kxm x  ksub, zm  z  h  
m
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where m denotes the diffraction order,

Rm and Tm are the reflection and transmission

coefficients of the mth order diffraction,

k xm is the x- component of the mth order wave

vector, ksup,zm and ksub, zm are the z- components of the mth order wave vector in the
superstrate and substrate region, respectively. From the grating equation (1.6),

k xm can be

written as –

kxm  ko n1 sin i  m  o  

(1.21)

In the grating region, the electric field distribution can be written as –

Egrat , y   S ym  z  exp   jk xm x 
m

(1.22)

where Egrat , y is the electric field in the grating region, S ym  z  is the normalized amplitude
of the mth wave vector in the grating region. To obtain the amplitudes of S ym  z  , equations
(1.18)-(1.22) can be substituted in the wave equation to obtain a set of coupled-wave
equations. By writing these equations in matrix form, the eigenvalue problem can be
solved. Along the z- direction, boundary conditions can be matched at planes z  0 and

z  h , Rm and Tm can be rigorously solved.
Any arbitrary grating problem can be solved with this method by approximating
the grating region into small slices along the z- direction. This method can also be extended
to grating with 2D periodicities, as well as for effective refractive index computations of
complex device structures.
1.5. Laser beam combining

14

To achieve the total laser power needed for industrial, directed energy, power
beaming, and laser propulsion applications, requires a large number of lasers to be
combined together and for the combined beam to have the propagation characteristics of a
single beam. It is difficult to accomplish this with a single high power source due to the
onset of nonlinear effects. Several beam combining techniques have been investigated and
they can be broadly classified as coherent and incoherent [3]. In coherent beam combining,
the array elements have to operate at the same wavelength, and the relative phase between
them is controlled to obtain constructive interference. This method offers good beam
quality; but is difficult to implement at the optical wavelengths for a large array since the
phases of the array elements have to be controlled to a small fraction of a wavelength. This
section will focus on the introduction of incoherent beam combining methods.
In incoherent beam combining, the outputs from the array elements are either
spatially or temporally overlapped on the far-field plane. Commonly used methods to
accomplish this are far-field beam superposition techniques, polarization multiplexing, and
wavelength multiplexing of array elements. Combining N laser beams with these
techniques can at best increase the far-field intensity on-axis by N times.
Polarization Beam Combining
In this technique, two beams at orthogonal polarizations states are combined using
polarization sensitive optical elements. For instance, two linearly polarized lasers can be
combined using a polarization beam splitter in reverse [28]. This technique increases the
power while preserving beam quality; still, this method is not of interest for large arrays,
as the improvement is limited by a factor of two.
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Spectral Beam Combining (SBC)
In this method, the outputs from different laser sources operating at different
wavelengths are superimposed spatially in the far-field plane to form a beam with
combined power. This method does not require phase control of the sources. SBC systems
can be either implemented in a serial or parallel configuration based on if spectrally
selective or spectrally dispersive elements are employed for the beam combining process
respectively. The parallel configuration involves the use for prisms or surface diffraction
gratings, whereas the serial configuration involves the use of dichroic mirrors, step-edge
interference filters or volume Bragg gratings.
In case of the spectrally dispersive elements, the diffraction angle to wavelength
conversion property is used for combining, whereas with the spectrally selective
elements [3] is based on the spectral dependence of the reflection and transmission of these
elements [29,30]. A broad overview of different spectral beam combining techniques is
found in [3]. SBC requires narrow linewidth sources and tight control of the spectrum of
the different lasers in crucial. In order to combine a large number of array elements, the
number of elements in the system increases, leading to a commensurate increase in the
alignment complexity, and system footprint.
Far-Field Beam Superposition
Incoherent combining by far-field beam superposition was shown to be
advantageous over coherent and spectral beam combining. This method does not require
narrow linewidths or phase/polarization locking of the individual lasers. The combining
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was achieved by overlapping the beams on a target with a beam detector consisting of beam
expanders and independently controlled steering mirrors (as shown in Fig. 1.6) [31].
The beams in this combining system should have good optical quality and have to
be large enough to minimize the divergence of the beams over a given propagation range.
In order to achieve efficient propagation, the target must be located at a distance lesser than
~2zR, where zR is the Rayleigh range. But in the presence of atmospheric turbulence, the
divergence of the beam is dominated by the turbulence and not on the diffraction itself.
The advantage of this technique is that there is no limitation on the number of sources that
can be combined; but limitations arise based on how accurately the beams can be steered
to focus on a target.

Fig. 1.6. Incoherently combined fiber laser beams directed to a target [31].
In the next section, a different incoherent beam combining technique is introduced
that uses the spatial structure of light to obtain a superimposed beam in the far-field.
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1.6. Optical vortex and spatial beam combining
Different physical properties of light waves are exploited in different beam
combining mechanisms, including amplitude, phase, wavelength, and polarization.
Another degree of freedom of light waves is the spatial structure. Spatially orthogonal
modes can be used for beam combining and these have been investigated extensively in
the recent years. Different types of orthogonal modal basis sets exist; but one of the
commonly analyzed modal set are beams carrying orbital angular momentum (OAM),
commonly referred to as an optical vortex [32]. OAM carrying beams typically have a
helical phase ( E ~ exp  jm  ) and owing to this helical phase structure, an OAM carrying
beam has a characteristic annular profile with a phase singularity in the center (Fig. 1.7).
The twisting rate (or topological charge), m, determines how fast the beam spins along the
axis of propagation and it can be either positive or negative, depending on the handedness
of the twist. Higher topological charges have a larger central null diameter; and OAM
beams carrying different topological charges can be quantified as different states, which
are still orthogonal while propagating coaxially.

Fig. 1.7. Poynting vector, intensity and phase profiles of beams carrying
OAM. Three different topological charges  l  0,1,2  shown.
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Optical vortices have many important applications, for instance, in optical
testing [33],

optical

entanglement [37,38],

tweezers [34,35],
optical

nonlinear

communications [39,40],

optics [36],
lithography [41],

quantum
stellar

coronagraph [42,43], stimulated emission depletion microscopy [44], to name a few.
Optical vortices are generated by various methods such as computer generated
holograms [45], mode conversions [46], and spiral phase plates [47,48].
The orthogonal nature of OAM carrying beams allow for them to efficiently
multiplexed or demultiplexed to improve the system capacity. OAM multiplexing has been
used in addition to polarization, and spectral beam combining to improve the capacity of
free-space optical communication systems [39]. The first demonstration of OAM for freespace optical communication was reported by [49]. Data rates in excess of 100 Tbits/s have
been demonstrated since then using OAM multiplexing [50]. But there are design
challenges in efficiently multiplexing and demultiplexing the OAM modes. Some of these
challenges have been addressed in this dissertation and suggestions have been made for
efficient beam combining techniques.
1.7. Dissertation outline
In this dissertation, the main focus is on the development of metaoptics for laser
beam shaping and combining. Solutions to efficiently (de)multiplex spatially structured
beams, especially ones carrying orbital angular momentum, have been presented. An
elegant approach for spectral beam combining based on log-polar coordinate
transformations has also been proposed. A new fabrication methodology for manufacturing
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multifunctional, subwavelength grating based phase optical elements based on materials
compatible with high power laser systems has been developed. This dissertation is
organized as follows.
Chapter 2 presents diffractive log-polar coordinate transformation optical elements
at λ = 450 nm for efficiently demultiplexing orbital angular momentum states; the system
design can potentially be applied to an underwater wireless optical communication link
employing SDM techniques. The experimentally obtained overall efficiency of the
demultiplexing system was ~80% and this can be improved further by applying appropriate
anti-reflection coatings to the diffractive elements.
Chapter 3 presents an efficient solution for multiplexing beams carrying orbital
angular momentum based on diffractive log-polar coordinate transformation optics. The
viability of the spatial multiplexing system was demonstrated at multiple wavelengths (λ =
450 nm and 1550 nm). The system is capable of producing collinearly propagating beams
with different topological charges on the far-field plane. Such device designs can be useful
in the area of optical communications and also for long range atmospheric propagations.
Chapter 4 presents a novel method for spectral beam combining with log-polar
coordinate transformation elements. It has been shown that by horizontally aligning the
input fiber sources in an array, the outputs can be made to spatially overlap in the far-field
plane with enhanced depth of the focus properties of the multiplexed beams. The validity
of the spectral beam combining technique was demonstrated with two sources with high
diffraction efficiencies. Parameter space for the designed diffractive optical elements for
incoherent beam combining has also been investigated.
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Chapter 5 presents a method for fabricating high aspect ratio metal-oxide, subwavelength grating structures. These “nano-hair” structures are composed of alumina
cylindrical pillars, partially embedded in a supporting fused silica substrate. The fabricated
nano-hair structures demonstrated phase control of the transmitted beam while maintaining
a peak transmitted power greater than 93% around a central wavelength of λo = 1.55 µm.
This newly developed fabrication technique can be used to manufacture discrete and
continuous phase functions by a well-controlled lithographic process.
Chapter 6 presents the design of an all-dielectric multiple material system based
optical nano-hair structure for optical vortex generation. The polarization insensitive nanohair structure fabricated with alternating layers of alumina/hafnia on a fused silica substrate
has a high diffraction efficiency of ~90% around the design wavelength of 1.55 μm.
Fabrication of these devices exploited the conformal coating nature of the atomic layer
deposition tool. The phase in transmission of these devices are controlled by azimuthally
varying the fill fraction of the subwavelength grating. Phase optical elements have been
realized in an all-dielectric platform, offering full 0-2π phase modulations.
Chapter 7 will summarize the observations in this dissertation and outline the
directions for future research work.
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CHAPTER TWO

DIFFRACTIVE ORBITAL ANGULAR MOMENTUM DEMULTIPLEXING
ELEMENTS
2.1. Introduction
The electric field distribution of beams that carry orbital angular momentum
(OAM) can be represented as E ~ exp (jmφ), where φ is the azimuthal angle distribution
and m is the topological charge [32]. These beams carry an OAM of mħ per photon, where
m can take any integer value; offering an unbounded state space that can be exploited in
the field of optical communications. In addition, the spatial modes are orthogonal to each
other, and therefore have low inter-modal crosstalk – enabling them to be used in space
division multiplexing (SDM) systems to increase the bandwidth of optical communication
links [39]. Numerous classes of beams carrying OAM have been studied, ranging from
Laguerre-Gaussian [51], Bessel-Gaussian [52], and Airy beams [53].
Fast and efficient solutions are desired for multiplexing and demultiplexing the
spatial modes. Many existing techniques for OAM demultiplexing are power inefficient.
For instance, one method of sorting N states requires (N-1) beam splitters, each with a 3
dB loss, to be cascaded [54]. This approach also requires that one must test for all possible
OAM states simultaneously. More complicated computer generated holograms have been
developed to test for multiple states [49,55], but the efficiency is inversely proportional to
the number of states being evaluated for. Another method developed for sorting the OAM
states is to use Mach-Zehnder interferometer with Dove prisms in each arm [56,57], where
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odd and even OAM states can be split into different ports. But this technique requires 2N –
1 cascaded interferometers to detect 2N states and the overall system is highly sensitive to
alignment.
To circumvent this problem, coordinate transformations [58] can be utilized by
employing two complex phase only elements to demultiplex different OAM states. In the
past, systems based on this principle were either implemented with spatial light
modulators [59] or by individually diamond machining the freeform refractive
elements [60] limiting their effectiveness for practical applications. In this chapter,
diffractive versions of the two phase elements have been implemented on a fused silica
substrate that can be used to efficiently demultiplex OAM eigenstates for potential
application to an underwater wireless optical communications (UWOC) link operating at
λ = 450 nm [61,62]. Implementation of the phase functions as a diffractive is advantageous
because optical systems can be parallelized by tiling multiple diffractive elements in a
matrix (for example, a multiple input multiple output, MIMO, system). Diffractive optical
elements also offer an elegant approach to multiplex distinct optical functions on the same
surface for obtaining integrated solutions.
2.2. Optical geometric transformations
Optical geometric transformations have been extensively studied for optical image
processing since it was first investigated by Bryngdahl [63,64] in the early 1970s. Some
examples include scale and/or rotation invariant pattern recognition [65], redistribution of
image energy to match detector geometry for feature extraction [66] and in optical
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interconnects for fiber arrays [58]. Mapping between the input and output plane is defined
by a diffraction integral, which can be solved by a saddle point integration to obtain the
desired mapping [63,64].
Optical geometric transforms can be described by using an optical system as
illustrated in Fig. 2.1.

Fig. 2.1. Single phase element system for optical geometric transformation.
The input, with an amplitude distribution a1  x, y  , is located in the front focal
plane of the lens (with focal length f). At this plane, a hologram with phase transmittance
exp  j1  x, y  is also present. The output a2  u, v  , in the back focal plane of the lens, is

related to the input function a1  x, y  by a Fourier transform –
a2  u, v  

1
j f

 



2



 a  x, y  exp  j   x, y    f  xu  yv  dxdy
1

1

(2.1)



where  is the wavelength of light, and f is the focal length of the lens. Using Bryngdahl’s
method of stationary phase approximation [63,64], the above integral can be approximated
and the points in the input plane  x, y  can be mapped to points in the output plane  u, v 
by –
24

  f 1  x, y  

 x  u   2
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(2.2)

For any given application, the mapping of points between the input and output plane
is known. The problem then is to solve the following two equations for the phase function

1  x, y  .
f
2
f
2

1
 g  x, y 
x
1
 h  x, y 
y

(2.3)

If g(x, y) and h(x, y) have continuous partial derivatives in the input plane, then the
above set of two equations has a solution if and only if [58] –
g h

x y

(2.4)

If the above condition is not satisfied, then an optical mapping between the input
and the output planes cannot be realized with just one phase element 1  x, y  . However,
these coordinate transformations can be realized with a cascaded system of two or more
phase functions. An optical system utilizing two phase functions in series is illustrated in
Fig. 2.2. The first phase function 1  x, y  produces a transformed output of the input
function in an intermediate plane. A second phase function 2  x ', y ' is located at this
plane. A lens placed after this intermediate plane is used to obtain the Fourier transform of
the transformed beam in the desired output plane.
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Fig. 2.2. Cascaded, two phase element system for optical geometric
transformation.
2.3. Log-polar geometric transformation
Mapping an azimuthal phase variation in the input plane to a spatial location on the
output plane can be accomplished with a log-polar coordinate transformation. These
transformations have been studied in the context of optical image processing for scale and
rotation invariant pattern recognition techniques, as shown in Fig. 2.1. The transformation
can be achieved with a single element only if the mapping is conformal. Orbital angular
momentum demultiplexing elements based on coordinate transformations have been
demonstrated in [59,67,68]. Conformal mapping between the input plane (x, y) and the
output plane (u, v) can be obtained by using appropriate scaling constants in the
transformation relationship between the points in the two planes –

 x2  y 2
u  a ln 

b

 y
v  a arctan  
x
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(2.5)

The phase profile of the transforming element to accomplish this mapping can be
derived from equation (2.3) by integrating the phase function of the Fourier lens with the
first optical element and can be expressed as –
1  x, y  

 x2  y 2
2 a 
 y
 y arctan    x ln 

f 
b
x




1 1

  x    x 2  y 2  

a 2



(2.6)

where λ is the wavelength of the incident light, f is the focal length of the Fourier
transforming lens. There are two other independent parameters a and b. The parameter a
scales the transformed beam and is related to the length of the beam d, where a = d/2π. The
second parameter b translates the position of the transformed beam along the u direction.
This element performs the geometric log-polar coordinate mapping of the input beam by
converting a ring profile with azimuthal phase to a rectangle with a linear phase; but
introduces an additional phase distortion that needs to be corrected.
The second phase correction element located at the Fourier plane of the
transforming element, can be obtained from stationary phase approximation [69]. Based
on equation (2.1), the far-field amplitude profile of a plane wave passes through the
transforming element can be given as –


2
a2  u, v   exp  j1  x, y   j
 xu  yv 
f



2
u v  u 

x y  y 

2

(2.7)

The amplitude weighting factor derived from the stationary phase approximation
of equation (2.7) is given as –  2 a  x 2  y 2  . This can be corrected, if required, by


multiplying the input function by an amplitude transmittance weighting term given as –
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a
2

x  y2

(2.8)

The phase correction element, 2  u, v  , to compensate for the phase distortion
introduced by the transforming element is simply  arg  a2  u, v   and is given as –

2  u, v   

2 ab
 u v 
exp    cos   
u 2  v2 

f
 a a f

(2.9)

where u and v are Cartesian coordinates in the Fourier plane of the transforming optical
element described in equation (2.6). Finally, a lens is used to convert the information
contained in the rectangles with linear phase gradients to a spot in the focal plane that shifts
depending on the incident topological charge.
2.4. Design of log-polar coordinate transforming elements
The transformation and phase correction elements based on equations (2.6) and
(2.7) were designed at a wavelength of λ = 450 nm. The wavelength is of interest in
underwater optical communication systems [70] since light has minimal attenuation in the
blue-green spectral region underwater [71]. Two elements were designed as phase only
elements with an aperture size of 7 mm x 7 mm. Pixel size for the design was 2 μm in both
the directions. The second element is located 200 mm away (parameter f), at the Fourier
plane of the first element. The length of the transformed beam, d, was chosen to be 3.6 mm
such that it does not fill the device aperture entirely to avoid edge diffraction effects. The
parameter b on the first and second elements were 0.00200 and 0.00002, respectively to
ensure that there was no aliasing when the analog phase profiles were represented as mod
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(2π) phases. Based on these parameters, the designed continuous phase profile of the two
elements is shown in Fig. 2.3.

Fig. 2.3. Continuous phase profiles of (a) transforming element, and (b)
phase correction element.
The left half side on the phase correction element is essentially a lens profile, which
is not used in the device simulation or testing and can be neglected in future
implementations. The phase elements were implemented as diffractive optical elements
(DOEs) so that the fabrication process to manufacture these custom profiles can be
simplified with the mod (2π) phase profiles (shown in Fig. 2.4). The DOEs were designed
as 16 phase level elements (theoretical 1st order diffraction efficiency of ~98.5%).

Fig. 2.4. Mod 2π phase profiles of (a) transforming element, and (b) phase
correction element.
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2.5. Fabrication of diffractive log-polar elements
The diffractive elements were fabricated on a 4 inch fused silica substrate using a
24 conventional photolithographic process to obtain 16 phase level devices. DOEs are
fabricated with a 4 step iteration process, as shown in Fig. 2.5.

Fig. 2.5. Illustration of a 4-step iterative process to obtain a 16 phase level
DOE. Δ denotes the individual step size. Four different mask sets are
employed to sculpt the desired phase variation in the substrate. (a) First
layer and etch depth – Δ. (b) Second layer and etch depth – 2Δ. (c) Third
layer and etch depth – 4Δ. (d) Fourth layer and etch depth – 8Δ.
For each iteration, the substrate is cleaned, coated with AZ MiR 701 photoresist (~
900 nm thick), exposed with the desired mask pattern on an i-line 5X reduction stepper,
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developed with AZ 300 developer solution for 45 seconds, and is subsequently plasma
etched into the substrate using an inductively coupled plasma etching tool with a CHF3 and
O2 gas chemistry. The 2π phase depth for λ = 450 nm was calculated to be 967 nm.
Each subsequent layer is etched twice as deep as the previous layer. The die size of
each one of the diffractive elements was 7 mm X 7 mm and multiple devices can be
fabricated on a substrate. Optical microscope images of the two fabricated phase elements
are shown in Fig. 2.6.

Fig. 2.6. Optical microscope images of the fabricated 16 level diffractive
optical elements. (a) Transforming element, and (b) Phase correction
element. (c) Illustration of the wafer scale fabrication of the DOEs; where
multiple devices can be assembled on a substrate.
2.6. Demultiplexing with log-polar elements
The first log-polar coordinate transformation element ϕ1 converts the ring shaped
beam carrying an azimuthal phase of form, exp  jl  to a rectangular beam with a linear
phase gradient, exp  jl v a  at the Fourier plane located f = 200 mm away (Fig. 2.7). The
second phase correcting element ϕ2 is present at this Fourier plane and a focusing lens (f3
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= 75 mm) placed right after ϕ2 sorts the input OAM state, generates a spot and laterally
shifts it in the focal plane depending on the amount of linear phase gradient (Fig. 2.8).

Fig. 2.7. Log-polar coordinate mapping of an input ring shaped beam
carrying an azimuthal phase with the transforming element.
After the log-polar coordinate mapping (as shown in Fig. 2.7), the field profile of
the transformed OAM beam can be given as –

u
 jlv 
 v 
U unwrap  u, v  exp 
 rect   rect 

 a 
 2 a 
 rl 

(2.10)

where rect(u) = 1 for |u| < 1/2 and 0 otherwise. rl corresponds to the width of the unwrapped
beam of topological charge l along the u- direction and (2πa) corresponds to the length of
the unwrapped beam along the v- direction.
The field profile, obtained from the unwrapped rectangular beam with the linear
phase gradient, at the focus of a spherical lens of focal length f3, placed after the phase
correction element can be represented as –
U focus  u ', v '

 v ' lp 
 f3
; p 
2 a
 p 

 rl  2 a  sinc  ru
l '  sinc 

(2.11)

It can be seen that an OAM mode with topological charge l input to the
demultiplexing system, is focused to a spot centered about v '  lp . The width of the spot at
the focal plane is also a function of the width of the rectangle (rl) generating it. Beams
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carrying higher topological charges transform into rectangles with narrower widths since
the width of the rings of the corresponding OAM carrying beams are narrow [72].
Therefore, the spot width of the beams with higher topological charges are narrower on the
focal plane of the Fourier lens. This is also evident in the numerical simulations at the farfield plane shown in Fig. 2.8.

Fig.

2.8.

Beam

propagation

simulations

through

the

log-polar

demultiplexing system. First column represents the input OAM intensity
and phase profiles of the beams. Second column represents the transformed
beams after the log-polar coordinate transform with corresponding linear
phase gradients. Third column shows the spatial location of the elongated
spots in the focal plane of the Fourier lens.
A Gaussian beam (with a flat phase) corresponding to OAM 0, forms an on-axis
spot on the focal plane. Positive and negative OAM states are spatially displaced on either
sides of the on-axis location. In Fig. 2.8, there is a sinusoidal distortion on the transformed
beam profiles. This is because the optical transformation works and is designed based on
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the assumption that the rays are normally incident on them. Beams carrying OAM are
helically phased and hence, are not normally incident on the optics. The skew angle of such
rays are given by – l kr [51]. Even though the skew angles are small compared to the
distortions introduced by the transforming element, the skew angle distortions increase
with an increase in l. The transformation optics are still capable of demultiplexing the
modes accurately. Suggestions have been offered to minimize the skew angle
distortions [59], by decreasing the distance over which the transformation happens (reduce
the distance f between the two optical elements).
The displacement in the focal plane of the lens, h , can be computed with the
following equation –
 f3

h  l

(2.12)

d

where l is the input OAM state, λ is the wavelength of light, f3 is the focal length of the
Fourier lens, and d is the length of the transformed beam.
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Fig. 2.9. Simulated intensity cross-sections of the various input OAM states
in the focal plane of the Fourier lens (f3 = 75mm).
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In the present configuration, two OAM states differing by 2 are separated by 18.75
μm with a 75 mm focal length lens. Fig. 2.9 shows the intensity cross-section through the
focal plane if multiple OAM beams are sent through the log-polar demultiplexing system.
The peak intensity location at this plane can be used as the metric to analyze the launched
input OAM state.
2.7. Experimental results
The fabricated diffractive elements were used to experimentally demultiplex
collinearly propagating OAM beams using the setup in Fig. 2.10. 7 different beams (OAM
0, OAM ±2, OAM ±4, OAM ±8) were used to analyze the performance of the fabricated
elements.

Fig. 2.10. Experimental setup for demultiplexing collinearly propagating
OAM states with log-polar elements.
On the first optical table, 450 nm fiber-pigtailed laser diodes were used as the
source to generate different OAM states using spiral phase plates. OAM carrying beams
were propagated to the demultiplexing end situated about 10 feet away on a second optical
table. Fig. 2.11 shows the intensity profiles recorded on the CCD camera at different planes
in the optical system. Columns two and three represent the unwrapped OAM intensity
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profiles at the plane of the second element. Columns four and five represent the elongated
spots in the focal plane of the Fourier lens. The difference between the simulated and
experimentally obtained intensity patterns are due to the fact that Laguerre-Gaussian (LG)
modes were used as input to the system in the numerical simulations. But the OAM modes
to the experimental demultiplexing system were generated with spiral phase plates which
do not correspond to pure LG modes, but are instead a superposition of radial modes with
the azimuthal term preserved giving rise to the minor differences in the simulated and
experimentally observed intensity profiles.

Fig. 2.11. Numerically simulated and experimentally obtained intensity
profiles at different planes in the optical system. The top row corresponds
to an OAM 0 beam state and the bottom row represents the OAM +2 beam.
From left to right, the first column illustrates the input OAM state. The
second and third columns describe the unwrapped beams after the log-polar
coordinate transformation, at the plane of the second element (f = 200 mm).
The fourth and the fifth columns show the numerically simulated, and
experimentally obtained spots at the focal plane of the Fourier lens placed
after the second element (f3 = 75 mm).

36

Fig. 2.12 shows the theoretical and experimentally obtained peak locations in the
focal plane of the 75 mm lens. It is evident from the results that there is very good
agreement between theoretical predictions and experimentally observed lateral shifting of
the spots in the focal plane. Efficiency of the system was computed by measuring the power
incident on the first element ϕ1 and the power in the spots on the final focal plane. Overall
efficiency of the system was calculated to be ~80%, including the Fresnel losses present at
different interfaces.

Fig. 2.12. Theoretical and experimentally obtained peak locations of spots
on the focal plane of the 75 mm focusing lens vs the incident OAM states.
2.8. Summary
Diffractive optical elements based on log-polar coordinate transformations were
designed, fabricated and tested to efficiently demultiplex OAM carrying beams at λ = 450
nm. Successful demultiplexing of 7 different OAM states has been demonstrated. Overall
efficiency of the system was measured to be ~80% enabling the technology to be used in
UWOC links employing SDM techniques. The system efficiency can be improved > 90%
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by applying appropriate anti-reflection coatings on the DOEs to suppress Fresnel losses.
The log-polar elements are also capable of demultiplexing more complex beam shapes like
Bessel beams and OAM beam superpositions.
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CHAPTER THREE
SPATIAL BEAM COMBINING WITH LOG-POLAR ELEMENTS
3.1. Introduction
In many applications, it is necessary to use multiple optical sources instead of a
single one. For instance, in high power delivery systems, it becomes important to use
multiple beams as opposed to a single beam with extremely high power to combat system
nonlinearities. In such systems, thermo-optic effects cause distortions, which limits the
diffraction-limited average power [3,31]. Alternatively, beams from relatively lower
power lasers can be combined to build a high power laser system. Multiple optical sources
are also of interest in optical communication systems, both in fiber based and also free
space, for increasing the bandwidth of communication links. There is an increasing interest
in utilizing advanced multiplexing techniques to meet the increase in data capacity.
Significant improvements have been made using wavelength division multiplexing
(WDM), polarization division multiplexing (PDM), and through the implementation of
advanced modulation techniques [73,74]. In addition, spatial structure of optical beams
can be further utilized to increase transmission capacity and improve system spectral
efficiency.
Space division multiplexing (SDM) involves the use of an orthogonal spatial modal
basis [39,49], where each of the spatial modes carries an independent data stream and such
systems transmit multiple coaxially propagating modes through a single aperture pair. The
orthogonal optical modal basis of interest in many studies are beams carrying orbital
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angular momentum (OAM) [32] . OAM carrying beams (represented as exp  jm  ) with
different topological charges, m, of are orthogonal to each other which enables such modes
to be efficiently multiplexed with low inter-modal crosstalk, thereby improving the system
spectral efficiency as well [50].
Conventionally, a spiral phase plate or spatial light modulator is used to introduce
OAM on an incoming Gaussian beam (as shown in Fig. 3.1) [75].

Fig. 3.1. Generation of an OAM carrying beam from a Gaussian beam using
a spiral phase plate.
Each phase plate produces only one OAM state; combining multiple states requires
multiple elements and beam splitters each with a 3dB loss associated with them. N
cascaded beam splitters can multiplex (N+1) states, increasing the complexity of the
multiplexing systems and also making them power inefficient [54]. Computer generated
holograms (CGH) can be employed to multiplex different OAM beam states; but the
efficiency of such elements is inversely proportional to the number of states that have to
be multiplexed [55]. Phase-only elements are more desirable for generating multiple OAM
beams with high efficiency. An iterative algorithm was developed in 2005 to generate
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multiple collinearly propagation OAM states with a phase only element [76,77]. However,
these methods do not offer favorable performance if a large number of OAM states have
to be multiplexed as the efficiency drops with an increase of the OAM states. This makes
it important to look for alternative solutions where a larger number of OAM modes can be
generated and multiplexed to propagate collinearly with minimal number of optical
elements to obtain a high system efficiency.
More efficient OAM multiplexing technique can be obtained with optical geometric
transformations. Refractive elements based on this technique have been used to multiplex
OAM beam states [40,78]. In this chapter, diffractive optical element implementation
based optical geometrical transformation have been employed to multiplex multiple OAM
states. In the first part of the chapter, OAM states up to order 16 have been generated at
450 nm using an aperture function. The diffraction efficiency of the beams generated with
this method is low. To improve the overall system efficiency, in the second part of the
chapter, cylindrical lenses based telescope have been utilized to generate the line function.
Using this method, efficient generation of OAM states up to order 12 has been
demonstrated at 1550 nm.
3.2. Theory of spatial beam combining
Optical geometrical transformations can be utilized for efficient spatial
multiplexing of different OAM states. The log-polar coordinate transformations used for
demultiplexing OAM states (introduced in the previous chapter) can be used in the reverse
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order for spatial beam combining. The mapping of points  u, v  in the input plane to points

 x, y  in the output plane can be described by the following relationship –
 u v
x  b exp    cos  
 a a
 u v
y  b exp    sin  
 a a

(3.1)

where the parameter a is related to the length of the beam d, and a  d 2 . The second
parameter b is related to the position of the input line function along the u direction. This
coordinate transformation maps an input rectangular beam with a linear phase gradient

exp  jlv a  by converting it to a ring profile with an azimuthal phase gradient exp  jl 
is illustrated in Fig. 3.2.

Fig. 3.2. Illustration of the optical geometrical transformation to map linear
phase gradient on a line to an azimuthal phase gradient on a ring.
The first phase only element 1  u, v  performs the geometric coordinate mapping
of the input beam described in equation (3.1), and is given below. Transformation of the
input rectangular beam profile between the first and second elements is shown in Fig. 3.3.
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1  u, v   

2 ab
 u v 
exp    cos   
u 2  v2 

f
 a a f

(3.2)

Fig. 3.3. Coordinate mapping of an input line shaped beam to a ring shaped
beam using the transforming element 1  u, v  .
The second phase only element, 2  x, y  , placed at the Fourier plane of the first
element (located distance f away), corrects for the phase distortions of the transformed
beam.

2 a 
 y
 y arctan    x ln 
2  x, y  

f 
x



x2  y 2
b


1 1

  x    x 2  y 2  

a 2



(3.3)

Finally, a Fourier lens is used to examine the far-field profiles in the focal plane of
the lens. The amount of linear phase gradient on the input beam determines the OAM
charge number of the output beams in the far-field plane. By changing the linear phase
gradient on the input line function, multiple collinearly propagating OAM states can be
multiplexed in the far-field plane. This property makes the system reconfigurable and the
output is not fixed based on the design of the phase only elements.
3.3. Beam propagation simulations
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An optical Fourier transform (or far-field profiles) of any arbitrary input function
with field distribution t A   ,   can be obtained at the focal plane of a simple lens (f is the
focal length) (Fig. 3.4).

Fig. 3.4. A simple lens acting as an optical Fourier transformer of an input
field distribution t A   ,   . Focal plane of the lens represents the Fourier
plane.
The distribution in the far-field plane, Uf (r, θ), can be written mathematically in
cylindrical coordinates as [79] –

U f  r ,  

 k
exp  j
j f
 2f
A

2

 d
1 
f




 2
r 
 

 2

   t A   ,   exp   j
 r cos       d  d
 f

 0  0

(3.4)

In the previous section, it was shown that the coordinate transformation optics
forms a ring profile with an azimuthal phase distribution at the plane of the second element,

2  x, y  . If this ring is assumed to be infinitesimally thin, then it can be approximated as
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a Dirac delta function, δ (ρ). Then, the field distribution at this plane, t A   ,   , can be
represented in polar coordinates as –

t A   ,        o  exp  jm 

(3.5)

where ρo is the radius of the ring and the phase term, exp  jm  describes the azimuthal
phase distribution.
Using equation (3.5) in (3.4) to solve the integral, and assuming d  f , the far-field
distribution U f  r ,  can be obtained.

U f  r ,   Ao o


k m1  2
j Jm 
o r  exp  jm 
f
f


(3.6)

The intensity distribution in the far-field plane is proportional to an mth order Bessel
function of the first kind and the phase distribution is proportional to exp  jm  , where m
represents the topological charge of the OAM carrying beam. A beam with m  0 has an
on-axis central peak in the intensity profile. If m  0 , a higher order Bessel beam with a
central null is obtained. As an example, the Fourier transform of a ring distribution with
radius ρo, and m  4 is shown in Fig. 3.5.

Fig. 3.5. Generation of a higher order Bessel beam by performing an optical
Fourier transform on an infinitesimally thin ring of radius ρo and m  4 .
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Bessel beams are of interest because of the non-diffracting nature of such
beams [80,81] and their ability to reconstruct after encountering an obstacle along the
direction of propagation [82]. In theory, the beams contains an infinite number of rings and
the cross-section remains unaltered over an infinite amount of distance. Unfortunately, a
beam of this kind cannot be realized experimentally because such beams would carry an
infinite amount of power. In practical implementations, a Gaussian windowing profile is
superimposed on the Bessel pattern, forming Bessel-Gauss patterns introduced in [83].
This representational form gives rise to closed-form solutions. The rings generated by the
log-polar elements have a finite width as well. The complex field distribution in the farfield plane, U f  r ,  , of Bessel-Gauss beams of order m, are given by –

 r2 
 2

f
U f  r.   Ao J m 
o r  exp  jm  exp   2  ; wg 
 w 
 wo
f

 g

(3.7)

where  o is the radius of the ring and wo is the finite width of the ring. wg is the waist of
the Gaussian beam at the focus of the Fourier transforming lens (with focal length f) which
is used to confine the Bessel beam.

Fig. 3.6. Generation of a higher order Bessel-Gauss beam with a ring of
finite width wo , radius  o and m  4 .
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Fig. 3.6 shows a 4th order Bessel-Gauss beam formed with a ring of radius  o and
width wo . In contrast to Fig. 3.5, it can be seen that the number of rings in the far-field
profile is limited for Bessel-Gauss beams and is a function of wg .
Rayleigh-Sommerfeld diffraction propagation kernels [19] were used to simulate
and predict the response of the multiplexing system. Line functions with different linear
phase gradients were used as the input to the system. Simulated far-field intensity and phase
distributions of three different cases  l  0, 2, 4  at 450 nm are shown in Fig. 3.7.

Fig. 3.7. Simulated OAM beam states at 450 nm obtained with the log-polar
coordinate transformation system at the far-field plane. Intensity and phase
profiles of (a) OAM 0, (b) OAM +2, and (c) OAM +4 beams.
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The transformed ring profiles with corresponding azimuthal phase  are shown in
the first column. Intensity and phase distributions of the Bessel-Gauss beams obtained in
the far-field plane are shown in the second and third columns. The generated higher order
Bessel-Gauss beams are characterized by their ring shaped profiles with an azimuthal phase
distribution; the size of the central null region of the beam increases with an increase in the
topological charge, and likewise for negative topological charges as well. The phase
distortions seen are a result of the numerical artifacts arising from the beam propagation
simulations involving Fourier transform computations and are situated away from the
location of the actual beam (as seen in the intensity profiles, second column).
The power contained in the Bessel-Gauss beam (of equation (3.7)) up to a radius
wg can be obtained by solving the following integral –
2
o

PBG  A

2 wg

 J
0 0

2
m

 2

o r  rdrd

f


(3.8)

Using the properties of Bessel functions, the above equation can be solved –
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 2

 2

PBG  Ao2 wg2  J m2 
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f

f
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(3.9)

For the case of a 0th order Bessel-Gauss beam, equation (3.9) can be written as –

  2

 2

PBG 0  Ao2 wg2  J o2 
o wg   J12 
o wg  

f

 f

(3.10)

The waist of the Gaussian beam at the far-field plane, wg. If the Gaussian beam
waist encloses the central peak, the first zero of the 0th order Bessel function (located at
2.4048), then the power in the central peak of the beam can be given by –
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PBG 0  0.8467 Ao2 wg2

(3.11)

The Gaussian beam waist, wg, can be picked to enclose a certain number of rings in
the far-field plane, and based on equation (3.9) for a OAM carrying beam of topological
charge m, the total power enclosed by the Gaussian beam waist can be computed.
3.4. Experimental results
An illustration of the experimental system for the generation and multiplexing of
different OAM states at 450 nm is shown in Fig. 3.8. The output from a 445 nm fiberpigtailed laser diode acts as the input to the multiplexing system. The output single mode
fiber (SMF) is placed at the focal plane of a collimating lens (fcol = 50 mm).

Fig. 3.8. Illustration of the experimental setup for OAM multiplexing with
two phase only elements.
For light that is incident on-axis on the lens, the collimated Gaussian beam has a
flat phase. Instead, if the fiber is translated vertically (by Δd), it imparts a linear phase
gradient on the collimated Gaussian beam. The amount of linear phase gradient on the
beam is a function of translation distance (Δd), focal length of the lens (fcol) and wavelength
of light (λ). The SMF was translated by Δd = 12.50 μm at 450 nm to change the mode order
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from OAM 0 state to OAM +2 state. This beam is incident on an aperture function that
converts the Gaussian beam profile into a rectangular function while preserving the linear
phase gradient. The rectangular function with the pre-defined linear phase gradient is
incident on the first log-polar element, 1 , which performs a geometrical transformation
from Cartesian coordinates to log-polar coordinates. At the Fourier plane of this element
(located distance f = 200 mm away), the rectangular function is transformed to a ring
function with the corresponding azimuthal phase gradient. The second element, 2 , is also
placed at this plane which corrects for the phase of the transformed beam. A Fourier lens
(fFourier = 200 mm) is placed after the two elements to examine the far-field beam profiles
in the focal plane. At the far-field plane, each input beam with a different phase gradient is
transformed to a Bessel-Gauss beam with a different topological charge.
At λ = 450 nm, the far-field intensity profiles were recorded on a CCD camera (Fig.
3.9). The pixel size of the camera was 3.69 μm in both the directions. The input fiber to the
system was translated by 12.50 μm to generate the higher order Bessel beams. Intensity
cross-section of 3 different beams  l  0, 2, 4  are also plotted in Fig. 3.9, demonstrating the
collinear behavior of the OAM multiplexing system. The system described above was
capable of generating modes up to m  16 . If the SMF is replaced with a fiber array with
appropriate spacing, all the applied input beams with the prescribed phase gradients can
result in the generation of distinct OAM states propagating collinearly. The efficiency of
this system from the source to the far-field plane was poor due to the presence of the
aperture function. In order to overcome this problem and also to demonstrate the viability
of this method at different wavelengths, a more efficient system was built at 1550 nm.
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Fig. 3.9. Experimentally obtained beam profiles in the far-field plane at λ =
450 nm. OAM 0, +2, +4, +8, +12, and +16 beams were investigated. The
scales are identical in all the images. Intensity cross-sections at the far-field
plane have also been plotted.
An illustration of the experimental setup to generate and multiplex different OAM
carrying beams efficiently is shown in Fig. 3.10. The difference between this system and
the one described in Fig. 3.8 lies in the generation of the line function. In contrast to the
previous case, here the line function is generated with two cylindrical lenses instead of an
aperture function.

Fig. 3.10. Experimental setup for OAM multiplexing with two phase only
elements and a cylindrical lens telescope for generating the line function.
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The collimating lens with focal length fcol, generates a Gaussian beam of the
required 1/e2 diameter, wo. The two cylindrical lenses (fcyl1 and fcyl2) placed in the path of
the collimated beam, help in obtaining a diffraction limited beam along one axis ((fcyl2/fcyl1)
* wo) while the width on the other axis (wo) is preserved – corresponding to the length of
the line function. This helps in the formation of the appropriate line function and the
process is carried out very efficiently here without compromising on the overall system
efficiency.
The cylindrical lenses based multiplexing system was implemented at 1550 nm.
The two diffractive optical elements (ϕ1 and ϕ2) were fabricated with the necessary phase
depths on a fused silica substrate to work for 1550 nm. Since the rest of the design
parameters have been held constant, the same design is capable of producing the desired
results at a different wavelength; but the transformation distance f between the two
elements is different. At λ = 1550 nm, the transformation distance f becomes about 58 mm
(in contrast with the 200 mm at 450 nm) to obtain the necessary coordinate mapping of an
input line function. The single mode fiber output from a 1550 nm fiber amplifier was used
as the source. The focal length of the collimating lens, fcol was chosen as 25 mm. The SMF
was translated by Δd = 43 μm to change the mode order from OAM 0 state to OAM +4
state. The focal length of the two cylindrical lenses (fcyl1 and fcyl2) to generate the line
function was 100 mm and 10 mm respectively. A Fourier lens (fFourier = 150 mm) is placed
after the two elements to examine the far-field beam profiles in the focal plane. The
intensity profiles of the different modes obtained with this multiplexing system is shown
in Fig. 3.11.

52

Fig. 3.11. Experimentally obtained intensity profiles in the far-field plane
at λ = 1550 nm. OAM 0, +4, ±6, ±8, ±10 and ±12 beams were investigated.
The scales are identical in all the images.
The beams are slightly distorted due to the non-uniform intensity distribution on
the line function. This can be improved with better alignment and choice of the input beam
diameter to the cylindrical lens telescope system to match the desired length of line
function better. The pixel size on the camera used for obtaining these profiles was 20 μm
in both the directions. The present system is capable of generating and multiplexing BesselGauss modes up to order m = ±12. To obtain both positive and negative OAM states, the
fiber source is translated on either side off center.
The overall efficiency of the system from the source to the far-field plane was
~70%. This number includes the Fresnel losses encountered on the all the fused silica/air
interfaces on the diffractive optical elements. If the Fresnel losses are accounted for by
having appropriate anti-reflection coatings, then the overall system efficiency >85% for all
the mode orders considered.
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In order to demonstrate the concept of spatial beam combining, two different
sources were combined together with a beam splitter to validate the feasibility of the
method (Fig. 3.12). If single mode fiber arrays are utilized, then the obtained system
efficiency will be much higher than using a beam splitter; and more than two sources can
also be efficiently multiplexed together.

Fig. 3.12. Experimental setup to demonstrate the concept of spatial beam
combining with log-polar coordinate transformation elements.
Two different sources, represented by SMF1 and SMF2, emitted from two distinct
GaN blue laser diodes were propagated through the system to illustrate the concept of
spatial beam combining in the absence of a single mode fiber array. The center wavelengths
of the two sources were close to 450 nm. The outputs from the single mode fibers were
collimated with a 50 mm focal length lens (fcol) on both the legs, giving a collimated beam
diameter of ~7.5 mm. The focal length of the collimating lens dictates the translation
necessary to obtain the different OAM states. In order to reduce the size of the beam before
propagating through the log-polar coordinate transformation elements, a spherical lens
system comprising of two lenses (fcon1 = 50 mm and fcon2 = 25 mm) were used.
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This beam served as the input to the cylindrical lens telescope to generate the
desired line function. The focal length of the two lenses in the cylindrical lens telescope
(fcyl1 and fcyl2) were 75 mm and 10 mm respectively. The first log-polar coordinate
transformation element, ϕ1, was placed after the cylindrical lens telescope. This element
performs the coordinate transformation by wrapping the line function to a ring profile. The
second log-polar coordinate transformation element, ϕ2, placed at the Fourier plane of the
first (located 200 mm away) corrects for the phase distortions introduced by the first
element. If the length of the line obtained after the cylindrical lens telescope is longer than
the length of the line from the log-polar element design (d), the extra segment of this line
wrapped to a ring profile (longer than one revolution) is not entirely phase corrected by the
second log-polar element. Finally, a Fourier lens (fFourier) with a focal length of 200 mm is
used to evaluate the field profiles in the far-field plane. This additional segment ends up as
higher orders at the far-field plane.

Fig. 3.13. (Left) OAM 0 beam generated by SMF1. (Center) OAM 0 beam
generated by SMF2. (Right) Incoherent superposition of OAM 0 states
generated by the two sources on the far-field plane.
Since the two legs comprising of sources SMF1 and SMF2 are independent of each
other, both of these sources can be translated vertically (by placing them on precision
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micrometer stages) to generate different OAM states. At 450 nm, with a 50 mm collimating
lens (fcol), the translation necessary to change the OAM state by 4 is 25 μm. Fig. 3.13 shows
the superposition of OAM 0 states generated by the two sources in the far-field plane,
demonstrating the concept of incoherent beam combining for a simple case. The line
function generated from the two distinct sources were overlapped on the plane of the first
log-polar element in order to simulate a single mode fiber array placed along the vertical
direction enabling the spatial multiplexing of different OAM states.
This can be extended further to combine different spatial modes generated from the
two sources. Other incoherent superpositions of OAM states generated by the two sources
are shown in Fig. 3.14. Four different combinations are illustrated – OAM +2 on leg 1 and
OAM 0 on leg 2; OAM +4 on leg 1 and OAM 0 on leg 2; OAM +2 on leg 1 and OAM +6
on leg 2; OAM +4 on leg 1 and OAM +4 on leg 2. The two spatial modes in each one of
the combinations considered are co-aligned on the far-field plane.

Fig. 3.14. Incoherent spatial beam combining with two sources using the
log-polar coordinate transformation elements. Examples showing (OAM +2
+ OAM 0), (OAM +4 + OAM 0), (OAM +2 + OAM +6) and (OAM +4 +
OAM +4). Scales are identical on all the images.
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The measured efficiency of the system can be improved further by removing the
beam splitter and utilizing a single mode fiber array to generate the superposition of
different OAM states. The number of rings obtained on the far-field plane can be further
controlled by increasing the thickness of the rings generating the OAM states. Also, the
flaring seen in the intensity profiles can be reduced by using aspheric lenses for collimating
the single mode fibers as opposed to using spherical lenses.
Overall, the method presented in this chapter based on log-polar coordinate
transformation elements can be employed for incoherent spatial beam combining of
different OAM modes. Beam combining different spatial structures is of interest in the
areas of high power laser combining, optical communications, and in sensing and detection.
3.5. Summary
An efficient method for spatial beam combining based on diffractive log-polar
coordinate transformations has been discussed in this chapter. The system described is
capable of generating Bessel-Gauss beams carrying orbital angular momentum. BesselGauss beams have interesting propagation properties – the beams are capable of
propagating diffraction-free over finite distances and are quite useful in optical
communications and atmospheric propagation systems.
Generation of higher order Bessel-Gauss beam states at λ = 450 nm was
demonstrated using an aperture function – this method of generating the desired line
functions with apertures has low system efficiency. OAM modes up to m = ±16 were
generated using this method to demonstrate the concept. In order to improve the overall
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system efficiency and also demonstrate the viability of this spatial beam combining
technique at different wavelengths, a more efficient system was built at λ = 1550 nm using
cylindrical lenses for line generation; line generation is a crucial step for the multiplexing
system. The overall efficiency of this system from the source to the far-field plane was
experimentally measured to be ~70%. System efficiency can be improved to >85% if the
diffractive optical elements are coated with appropriate anti-reflection coatings to
minimize the Fresnel losses at the different air/fused silica interfaces.
Another advantage of this spatial multiplexing system is that the efficiency is
independent of the number of OAM states that have to be multiplexed. Multiple OAM
states can be mapped onto the same input line function by having the input source fibers
on a vertical array with proper spacing; the system is capable of generating collinearly
propagating OAM states that can be multiplexed in the far-field plane.
The feasibility of using log-polar coordinate transformation elements for incoherent
spatial beam combining was demonstrated by using two distinct sources at 450 nm instead
of translating a single source to generate the different OAM states. The two sources were
independently controlled to obtain the different OAM modes and the spatial modes
obtained with were co-aligned on the far-field plane demonstrating the viability of the
technique for applications in high power laser combining, and optical communications.
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CHAPTER FOUR
SPECTRAL BEAM COMBINING WITH LOG-POLAR ELEMENTS
4.1. Introduction
Spectral beam combining (SBC) is a commonly used incoherent beam combining
technique

with

applications

in

high

power

laser

systems [3]

and

optical

communications [84,85]. In SBC, unlike in coherent beam combining, amplitude,
polarization and phase control between the array elements do not have to be held constant
since only the power from different elements get added together. Typically in such a
system, the different sources that have to be combined operate at different wavelengths and
they are spatially overlapped by employing dispersive or spectrally selective elements.
A dispersive optical element is typically used to overlay the beams from the sources
in a parallel beam combining scheme. The commonly used dispersive element is either a
prism or a diffraction grating. The diffraction gratings can either be transmitting/reflecting
surface gratings [86,87]. With a diffraction grating, the angle to wavelength conversion
property is utilized. Array elements operating at different wavelengths are incident at
appropriate diffraction angles [3]. On the output, all these beams are spatially
superimposed. This method allows for combining closely spaced wavelengths, but the
spectral bandwidth is limited since the dispersion of the grating is dependent on the
geometrical parameters of the grating itself. One main disadvantage of SBC of lasers with
diffraction gratings is the degradation of output beam quality with the wavelength
instability of the various sources and this configuration was analyzed in [88]. This
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limitation can be overcome by creating a spectral control of the sources with optical
feedback. But the scale and the complexity of the system increases with the number of
array elements.
Another common configuration of spectral beam combining is by cascading
filters/mirrors in series to combine the beams from different sources as shown in Fig. 4.1.
In this method, each dichroic mirror transmits one wavelength (or range of wavelengths)
while reflecting the others.

Fig. 4.1. Concept of spectral beam combining with a cascaded system of
dichroic mirrors.
An early implementation of this method using interference filters to combine six
lasers operating at different wavelengths was shown in [89]. Spectral beam combining of
3 linearly polarized Tm:MOPA fiber lasers using dielectric mirrors with a 6 nm separation
between the wavelengths was shown [29]. To develop more complex systems, the coating
or device designs generally become more demanding (steep transitions between reflective
and transmissive states) and an increase in the number of wavelengths (or the number of
dichroic mirrors) implies a commensurate increase in the complexity of the alignment
process. In addition, combining N different wavelength sources together requires N
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different dichroic mirrors; posing difficulties in combining very similar wavelengths.
Cascaded system of Volume Bragg Gratings (VBGs) recorded in PTR glass is another
method used for spectral beam combining [90] poses similar problems as the dichroic
mirrors; but are also wavelength limited at the same time due to the material properties.
Also, in a cascaded system involving spectrally selective elements, the angular positioning
of the filters has tight tolerances because the source at the end of the array accumulates a
large number of bounces [3].
As it has been observed in the abovementioned methods, the number of optical
elements in the system scales with the number of array elements being combined,
increasing the alignment complexity and the system footprint as a whole. The increase in
the number of optical elements also poses unique problems in terms of thermal
management, especially for high power laser systems, where the different elements in the
system have different heating properties, ultimately causing distortions of the combined
beams. In order to overcome some of these limitations, an efficient spectral beam
combining system based on log-polar coordinate transformation elements has been
proposed in this chapter. The system is capable of multiplexing multiple wavelengths
together and also generating beams in the far-field plane with enhanced propagation
properties for applications in a free-space optical communication system.
4.2. Theory of spectral beam combining
The log-polar phase only elements (introduced in the previous two chapters) can
also be employed for spectral beam combining in addition to efficiently (de)multiplexing
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different OAM states. The approach described in this chapter is a very elegant solution and
spectral beam combining of different sources with this technique has not been explored
before. The mapping of points  u, v  in the input plane to points   ,   in the output plane
(polar coordinates) can be described by the following relationship –

 u



  b exp   
a

(4.1)

v

a

where the parameter b is related to the position of the line in the u direction and the
parameter a is related to the length of the beam d, and a  d 2 . The first phase only
element ϕ1 (u, v) performs the geometric coordinate mapping of the input beam described
in equation (4.1), is given as –
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The second phase only element ϕ2 (x, y) placed at the Fourier plane of the first
element (located distance f away), corrects for the phase distortions of the transformed
beam.
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In order to combine different wavelengths with the two phase elements, multiple
line functions (each corresponding to a different wavelength) are incident on a different
region of the first log-polar element, ϕ1 (u, v). Each of these lines wraps into a ring (with
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different diameters based on the design of the log-polar element and the coordinate
mapping equation (4.1)) at the plane of the second log-polar element, ϕ2 (x, y).
Element ϕ2 (x, y) corrects for the phase of the transformed beam and finally, a
Fourier lens is used to examine the far-field intensity profiles at the different wavelengths.
If the line function corresponding to each of these multiplexed wavelengths does not have
a linear phase gradient on it, then the far-field profile based on equation (3.7) can be
approximated as –
 r2 
 2

f
U f  r ,   Ao J o 
o r  exp   2  ; where wg 
 w 
 wo
f

g 


(4.4)

where ρo is the radius and wo is the finite width of the ring forming the Bessel-Gauss beams
on the far-field plane. wg is the waist of the Gaussian beam at the focus of the Fourier
transforming lens (with focal length f) which is used to confine the Bessel beam. Equation
(4.4) states that the log-polar coordinate transformation elements convert a given initial
beam to a 0th order Bessel-Gauss beam on the far-field plane.
Beam propagation simulations based on Rayleigh-Sommerfeld diffraction
propagation kernels [19] were used to verify the theoretical predictions of the proposed
spectral beam combining system. Fig. 4.2 demonstrates the concept of SBC with log-polar
transforms.
Line functions corresponding to two distinct wavelengths (λ1 and λ2) are spatially
separated on the first element plane (centered at u1 and u2 as shown in Fig. 4.2). There is
no linear phase gradient on either one of these lines. The second column shows the
wrapping of these line functions at the plane of the second element. The radius of the
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wrapped ring is different for the two cases (based on equation (4.1)). The third column
shows the generation of a 0th order Bessel-Gauss beam for these two cases and the
spectrally combined output is spatially overlapped on the far-field plane.

Fig. 4.2. Concept of spectral beam combining with log-polar coordinate
transformation elements. Line functions corresponding to two distinct
wavelengths (λ1 and λ2) are spatially separated on the first element plane
(centered at u1 and u2).
Effect of Gaussian Line Function on the Far-Field Plane
The line functions act as the input to beam combining system involving log-polar
coordinate transformation elements. They can be approximated as two dimensional superGaussian functions given by –
p
p
 
 x  y 


I  x, y   A        
x
y
 

  o   o  

(4.5)

where xo and yo are the half widths of the line function along the x- and y- directions,
respectively.
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The intensity distribution of a super-Gaussian line function becomes more uniform
for higher values of the super-Gaussian order p. Generation of higher order super-Gaussian
functions typically involves the use of an additional diffractive optical element. It was
shown in Section 3.4 that line functions can be generated efficiently with a cylindrical lens
telescope using Gaussian beam outputs from single mode fibers. The two cylindrical lenses
(fcyl1 and fcyl2) placed in the path of the collimated beam of 1/e2 diameter wfiber, help in
obtaining a diffraction limited beam along one axis ((fcyl2/fcyl1) * wfiber) while the width on
the other axis (wfiber) is preserved – corresponding to the length of the line function. The
line functions generated using this technique has a Gaussian roll off on both the x- and ydirections (p = 2). It then becomes imperative to analyze the performance of the beam
combining system employing the cylindrical lens telescope for generating the line
functions as opposed to a diffractive optical element for the generation of a higher-order
super-Gaussian line function.
The far-field intensity profiles were compared for different orders of the 2D superGaussian line function. For example, Fig. 4.3 shows the far-field intensity distribution for
different orders of the input super-Gaussian function. It can be seen that there is no
significant difference in the far-field intensity profile for the different cases of superGaussian order p. In order to evaluate the beam quality, different metrics have to be utilized
in addition to the far-field profiles.
One of the most important parameters for beam combining is the power in the
bucket (PIB) metric that represents the fraction of total power that can be delivered into a
transmission cone measured in angular units, λ/D, where λ is the wavelength and D is the
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characteristic size of the beam [91]. The term λ/D is referred to as the normalized bucket
radius and indicates the fraction of delivered power in a given area.

Fig. 4.3. Far-field intensity distribution of OAM 0 beams generated from
super-Gaussian line functions of (a) p = 2, (b) p = 6, and (c) p = 20.
In order to study the effect of the Gaussian line function on the far-field plane, the
PIB metric was compared for two different cases of 0th order Bessel-Gauss beams
generated from – (a) a Gaussian line function (p = 2), (b) a higher order super-Gaussian
line function (p = 20) , and (c) a Gaussian beam instead of a 0th order Bessel-Gauss beam.
The results are plotted in Fig. 4.4 as a function of the normalized bucket radius, λ/D.

Fig. 4.4. (a) Line function, and (b) wrapped ring for p = 2. (c) Line function,
and (d) wrapped ring for p = 20. (e) PIB curve for OAM 0 beams generated
from super-Gaussian functions of orders p = 2, p = 20, and Gaussian.
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The shape of line functions for the different super-Gaussian cases along with the
profile of the wrapped ring they create has also been shown in Fig. 4.4. It can be seen that
there is minimal effect on the far-field power profile if a Gaussian line function is used for
creating the Bessel-Gauss beams. This eliminates the need for using complicated DOEs for
the creation of more uniform line functions.
Depth of Focus Computations
In conventional SBC techniques, the input and output of the system remain identical
– if the array elements output a Gaussian beam, the spectrally combined output from these
array elements also remains Gaussian. But in this SBC technique, the profile of the
wavelength combined beams are modified in the far-field plane and the input Gaussian
beams are transformed into Bessel-Gauss beams. This modification actually works to our
advantage by enhancing the depth of focus properties of such beams [80].
For a Gaussian beam, the Rayleigh range ( zR   wo2  ) is a very important
parameter governing the depth of focus, where wo is the waist of the beam. At z R , the
intensity of the Gaussian beam is one half of the peak intensity at z  0 . Depth of focus of
Gaussian beams is then given as – 2zR.
Similarly, the depth of focus of the Bessel-Gauss beams can be considered as the
distance from the z  0 plane, where the peak intensity drops by half. Beam propagation
simulations were used to evaluate the enhanced depth of focus properties of the generated
Bessel-Gauss beams. For the case of a Bessel beam generated from a finite width, ring
aperture (ΔR is the width of the ring and Rav is the average radius of the finite width ring)
with uniform illumination, the depth of focus can be evaluated using [92] –
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DOFBessel 

2.8 f 2
Rav k R

(4.6)

where f is the focal length of the Fourier transforming lens and k is the wave number. The
0th order Bessel beam pattern was generated using the log-polar coordinate transformation
optics. The waist of the Gaussian beam, wo, was chosen such that it encloses the Bessel
function generated from the log-polar transforms in order to have a direct comparison
between the two cases. Fig. 4.5 shows the propagation of a 0th order Bessel beam vs a
Gaussian beam. The field intensity profiles of the two beams are shown at z = 0, 1.5zR and
3zR planes.

Fig. 4.5. Beam propagation simulations showing the propagation of a 0th
order Bessel beam and a Gaussian beam.
The intensity cross-section of both these beams have been plotted in Fig. 4.6. It can
be seen that the central lobe of the Bessel-Gauss beam does not change in size over the
propagation distances considered, whereas the Gaussian beam diverges rapidly. At z = 3zR,
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the peak intensity of the Bessel beam drops to half its value from the z = 0 plane, providing
information on the depth of focus. Based on these simulations, it is obvious that the depth
of focus of the Bessel-Gauss beam ~ 6zR; implying that the depth of focus of Bessel-Gauss
beams generated with log-polar optical elements is about three times higher than a
Gaussian beam.

Fig. 4.6. Intensity cross-sections at z = 0, 1.5zR, 3zR planes for a 0th order
Bessel-Gauss beams and a Gaussian beam, where zR denotes the Rayleigh
range.
Effect of the width of the line function on the far-field plane
The complex fields in the far-field plane, U f  r ,  , generated with the log-polar
elements can be represented as –
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 2
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o r  exp  jm  exp   2  ; wg 
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The far-field distribution corresponds to a Bessel-Gauss beam as it was explained
in Chapter 3. The number of additional rings in the Bessel-Gauss beam in the far-field
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plane is a function of the Gaussian beam width wg that confines the Bessel function. This
is related to the diameter, D, and width, wo, of the ring function that generates the beam.
For a fixed diameter, D, the width of the rings, wo, were changed to evaluate the
effect on the far-field profile. This is shown in Fig. 4.7 for three different values of wo –
100 μm, 150 μm, and 200 μm. The width parameter wo, influences the waist of the Gaussian
beam, wg, confining the Bessel function. Higher the value of wg, more number of rings are
formed in the far-field plane. Based on the application of interest, an optimum value of wo
can be chosen.

Fig. 4.7. Influence of the width of the line function, wo, on the far-field
profile. The number of rings in the far-field distribution is higher for a
higher (D/wo) ratio.
For a given application, to minimize the spreading of energy from the desired beam
profile to the additional rings, the diameter to width ratio of the rings (D/wo) can be
engineered. In order to understand this further, 0th order Bessel-Gauss beams have been
considered here (by setting m = 0 in equation (4.7)). The first three zeros of a 0th order
Bessel function of the first kind are located at 2.4048, 5.5201, and 8.6537, respectively.
Using this information in equation (4.7), the range of (D/wo) for having a given number of
additional rings can be determined. This range was estimated to be ~16-32 for having 2-3
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additional rings in the far-field plane. For different values of (D/wo), the intensity crosssections of the 0th order Bessel-Gauss beam has been plotted in Fig. 4.8. Using this as the
starting point, an estimate can be made on the other log-polar element design parameters.

Fig. 4.8. Intensity cross-section of a 0th order Bessel-Gauss beam for
different ratios of diameter to width of rings (D/wo) generating them.
4.3. Experimental results
In order to demonstrate the spectral beam combining capability of the log-polar
coordinate transformation elements, the output from two GaN blue laser diodes are used as
inputs to the system. The two sources to be multiplexed are combined using a beam splitter,
horizontally displaced from one another and the individual fiber sources are collimated
using fiber collimators as shown in Fig. 4.9. If single mode fiber arrays are utilized, then
the use of the beam splitters can be avoided to improve the optical efficiency of the system.
The collimated Gaussian beams (1/e2 diameter ~ 0.70 mm) obtained from each source has
the same amount of linear phase gradient.
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A 6X spherical lens telescope (fcon1 and fcon2) is used to expand the beam from the
fiber collimated sources to match the required input line size to the log-polar coordinate
transformation system. In order to generate the necessary line function, a cylindrical lens
telescope is placed after the spherical lens telescope (comprising of lenses of focal lengths
fcyl1 = 75 mm and fcyl2 = 10 mm). The required line function that serves as the input to the
log-polar elements is formed at the output of the cylindrical lens telescope. The obtained
line function is Gaussian in nature with dimensions of 0.175 mm along the x-axis and 4.2
mm along the y-axis. Since the length of the line is longer than the design specification of
3.6 mm, the additional wrapped segments that are not phase corrected by the second logpolar element ends up as higher orders on the far-field plane and can subsequently be
aperture down. An illustration of the experimental setup is shown in Fig. 4.9.

Fig. 4.9. Illustration of the experimental setup for spectral beam combining
using the log-polar phase elements.
The line function generated from each one of the sources is incident on a different
location (in the u- direction) of the first log-polar element, ϕ1. Each of these lines wraps
into a ring (with different magnifications based on the design of the log-polar element) at
the plane of the second log-polar element, ϕ2.
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Spectral beam combining using the log-polar elements was demonstrated at 450 nm
using GaN blue laser diodes. The emission wavelength of the diode was controlled by
temperature tuning. Emission spectrum of the 2 wavelengths considered is shown in Fig.
4.10. The two different wavelengths obtained from temperature tuning (λ1 = 449.1 nm, and
λ2 = 448 nm) differed by ~1 nm.

Fig. 4.10. Temperature tuning of GaN blue laser diodes. The two
wavelengths investigated were separated by ~1 nm from each other.
Experimentally obtained far-field beam profiles for λ1 = 449.1 nm, and λ2 = 448 nm
are shown in Fig. 4.11(a, b). The horizontal separation between the two line functions
(distance between u1 and u2) for the two wavelengths is 500 μm. Fig. 4.11(c) shows the
spectrally combined beam from the two sources on the far-field plane. It is obvious that the
spectrally multiplexed beam is still Bessel-Gauss in nature.
Fig 4.12(a) shows the intensity cross-sections for the two wavelengths, indicating
the Bessel-Gauss nature of the beams in the far-field plane. Fig 4.12(b) shows the intensity
cross-section of the spectrally multiplexed beam from the two sources confirming the
spatial overlap between the two wavelengths on the far-field plane.
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Fig. 4.11. Experimentally obtained 0th order Bessel-Gauss beam profiles for
(a) λ1 = 449.1 nm, (b) λ2 = 448 nm, and (c) λ1 + λ2, respectively.
The experimentally obtained full width at half maximum (FWHM) at λ1 was 18.45
μm and that at λ2 was 22.14 μm, compared well with the simulated values of 18 μm and 24
μm, respectively (pixel size of the camera used for imaging was 3.69 μm in either
directions). The main lobe of the 0th order Bessel-Gauss beam encloses approximately 58%
of the total power in the beam, which is characteristic of such beams.

Fig. 4.12. Intensity cross-sections of the OAM 0 beams for (a) λ1 = 449.1
nm, and λ2 = 448 nm, and (b) spectrally multiplexed beam from the two
sources on the far-field plane.
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This proof of concept experiment validates the concept of spectral beam combining
with log-polar coordinate transformation elements. The biggest advantage of this method
is that very tight spectral control of the different sources is not required since it does not
work based on the properties of dispersion; making the system requirements more relaxed
for spectral beam combining.
Another advantage of the spectral beam combining system based on log-polar
coordinate transformation elements is the enhanced depth of focus of the individual and
multiplexed beams. The depth of focus properties of the individual, multiplexed beams
were experimentally analyzed. Fig. 4.13 shows the propagation characteristics of the
generated 0th order Bessel-Gauss beams from one leg.

Fig. 4.13. (Left) Propagation of the 0th order Bessel-Gauss beams generated
from the log-polar elements away from the far-field plane. (Right) Intensity
cross-sections of the beams at different planes.
The beams were propagated away from the far-field plane and based on the
intensity cross-sections, it can be seen that the beams do not diverge as they propagate and
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the size of the central core of the Bessel-Gauss beam remains constant at the different
planes demonstrating the enhanced depth of focus properties of the beams. Based on
theoretical calculations (equation (4.6)), the DOF of the Bessel-Gauss beams were
estimated to be ~38 mm and the experimentally obtained DOF was ~30 mm.
In addition, the propagation characteristics of the spectrally multiplexed beams
from the two legs (λ1 = 449.1 nm and λ2 = 448 nm) were also analyzed to ensure that the
beams remain co-aligned not just at the far-field plane, but farther from it as well. Fig. 4.14
shows the propagation characteristics of the spectrally multiplexed beams from the two
sources. It can be seen from the intensity cross-sections that the central core of the
multiplexed 0th order Bessel-Gauss beams from the two sources also remains constant and
co-aligned with propagation.

Fig. 4.14. (Left) Propagation of the spectrally multiplexed 0th order BesselGauss beams generated from the log-polar elements (at λ1 = 449.1 nm and
λ2 = 448 nm) away from the far-field plane. (Right) Intensity cross-sections
of the beams at different planes.
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The efficiency of the beam combining system was experimentally measured to be
~70% for each leg. This number can be improved further and can be in excess of 85% if
appropriate anti-reflection coatings are used for minimizing the associated Fresnel losses
in the diffractives are used.
4.4. Summary
In summary, a novel method for achieving spectral beam combining was proposed
using log-polar coordinate transformation elements. The proposed method is wavelength
independent and can be applied to different wavelength regimes. The fiber sources that
have to be spectrally multiplexed are placed on a horizontal array; the line functions
corresponding to each of these sources are incident on a different region of the first logpolar element. It was shown that beams generated using this method are Bessel-Gauss in
nature and have enhanced depth of focus properties. The biggest advantage of this proposed
technique lies in the fact that the wavelength of the individual sources being combined do
not have to be tightly controlled and the number of optical elements in the system does not
scale with the number of sources being combined, unlike in the case of conventional
spectral beam combining methods involving dispersive or spectrally selective elements.
In contrast to a commonly used method for incoherently combining high power
sources based on far-field superposition [31], where the initial beams have to be large
enough and the propagation length is limited by the Rayleigh range of the beams since they
are Gaussian in nature, the propagation distances in the proposed beam combining method
based on log-polar coordinate transformation elements is higher due to the Bessel-Gauss
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nature of the beams that are generated in this technique. In addition, the Bessel-Gauss
beams are capable of being self-healing upon encountering an obstacle [93–95]. This is a
very useful property if the beam combining method is employed for free-space atmospheric
propagations.
The effect of different parameters on the system performance was also analyzed. A
Gaussian beam line function generated from a cylindrical lens telescope can be used as the
input to the multiplexing system. This method warrants high system efficiencies with no
significant changes to the power in the bucket metric on the far-file plane and eliminates
the use of additional, complicated diffractive optical elements for generation of uniform
line functions.
The concept of spectrally multiplexing two different sources was experimentally
demonstrated at 450 nm. Even though the sources were propagated through the system
after being combined using a beam splitter, the experimental system helped validate the
concept of spectral beam combining with log-polar coordinate transformation elements
when the sources to be multiplexed are horizontally displaced. It was shown that the
generated beams from the two legs were Bessel-Gauss in nature and also, the spectrally
multiplexed output remained spatially overlapped (or co-aligned) on the far-field plane and
also away from it.
Based on the concepts introduced in the last two chapters, it can be seen that
multiple OAM states can be efficiently and incoherently superimposed using log-polar
coordinate transformation elements with applications in high power laser systems for
power scaling and also in optical communications. Sources at different wavelengths can
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also be combined together using the same two elements enabling simultaneous spatial and
spectral beam combining with two phase only optical elements.

79

CHAPTER FIVE

FABRICATION OF METAL-OXIDE NANO-HAIRS FOR EFFECTIVE INDEX
OPTICAL ELEMENTS
5.1. Introduction
Diffraction gratings play an important role in modern technology with applications
in spectrometry, polarizers, beam splitters, laser cavities, interferometry, and laser pulse
compression [5]. In particular, subwavelength gratings with lateral periods smaller than the
wavelength of incident light allow only the 0th diffractive order to propagate through the
grating; all the other higher orders are evanescent in the perturbation region and substrate.
The effective refractive index is dictated by the fill fraction of the subwavelength
grating [13]. Early demonstrations of subwavelength gratings used as artificial dielectric
optical components included binary blazed grating profiles [14,96]. Since a closed form
approximation does not exist for the effective index of 2D subwavelength gratings,
numerical techniques are often used to estimate effective refractive indices. Usually a
fitting-based approximation is applied to existing numerical methods and the effective
indices are deduced [18,97]. The design and fabrication of arbitrary grating geometries has
been made possible due to the progress in the field of lithography, enabling numerous
optical functions to be realized in modern optics.
Dispersion characteristics of many artificial dielectric structures have been tailored
to demonstrate increasing optical functionality. Subwavelength structures have played an
important role in realizing achromatic blazed gratings that can operate over a broad spectral
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range [7]. A polarization independent response was obtained by using holes and pillar
geometries [98,99]. The non-deterministic phase response of a computer generated
hologram was also approximated with effective medium theory using non-repeated
subwavelength square pillar structures [100]. Other diffractive optical elements designed
and fabricated using subwavelength structures include diffractive lenses [101,102], array
generators [103], and antireflective structures [104,105]. Furthermore, subwavelength
structures have been used to modify both the spectral and spatial properties of the reflected
beam that utilizes a space varying structure for a Guided Mode Resonance filter for beam
shaping [106].
However, the majority of these diffractive phase elements are based on a
homogeneous material system including silicon [96], fused quartz [97,101], silicon
nitride [7], and gallium arsenide [103]. Since the effective index of the grating is a function
of its refractive indices and grating geometry, the use of different materials can be
compensated for by altering the fabrication parameters to obtain the desired phase
response. However, the Fresnel losses associated with a high-index material must be
overcome, often requiring an antireflection coating to optimize the zero order diffraction
efficiency. Some of these issues can be mitigated with a low index material such as fused
silica, but other challenges are encountered with the fabrication of a high aspect ratio
structure [107]. In high power laser applications, the laser damage threshold and dn/dT
parameters of a material system are crucial to the overall success of the device. The role of
thermo-optic coefficients in optical materials has been extensively studied [108].
Numerically, the thermo-optic coefficient of fused silica and alumina (Al2O3) are an order
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of magnitude lower than that of silicon, silicon nitride, and gallium arsenide. Considering
their relatively low index contrast, these material systems are attractive candidates in high
power laser systems. While other material systems may exist that have similar properties,
practical application is restricted by limitations in the fabrication process as thermal
stresses are induced during deposition of thick coatings. It is for this reason that the fused
silica / alumina material system was chosen for these devices.
While high aspect ratio devices offer the ability to fully control the phase response,
current designs require thick metal-oxide film depositions. However, mechanical stresses
arising from lattice mismatch during deposition can cause the coatings to crack and
delaminate from the substrate. Furthermore, lithographic patterning and reactive ion beam
etching processes can introduce etch loading and sidewall distortions leading to undercutting or T-topping of the devices. To circumvent these issues, an etch and conformal
deposition is utilized. In this approach, lithography and etching are performed on a fused
silica substrate, which is then coated using a conformal deposition process to back fill the
etched holes. The density and fill fraction of these holes can then be used to encode the
desired phase based on the effective index.
This new concept consists of high-aspect ratio “nano-hairs” which modulate the
effective index based on their width and spatial density. Partially embedded into the
substrate, they are mechanically supported at the base by the substrate material as shown
in Fig. 5.1. Due to the fabrication process, two regions are created within the same device
– the region of the submerged pillar bases, and the region above the substrate. In doing so,
the dispersion characteristics can be controlled independently in the different regions,
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adding another degree of freedom. Furthermore, the phase profile of the transmitted beam
can be controlled by adding a local gradation to the fill fraction of the nano-hairs, thereby
creating an effective graded index structure. Related work has exploited this similar
concept with multilayer diffractive optical elements involving two independent materials
to gain an additional degree of freedom [109]. An illustration of the nano-hair device is
shown in Fig. 5.1.

Fig. 5.1. Proposed structure of the optical nano-hairs; Λ is the period of the
subwavelength grating, hb is the height of the pillars embedded in the
substrate, and ha is the height of the pillars above the substrate.
The phase, φ, encoded on a wave-front transmitting through the nano-hair structure
at normal incidence has a composite phase that is a sum of the contribution due to the
embedded portion and the air surrounded portion of the nano-hairs. This can be expressed
as –

  nko d  n1ko ha  n2 ko hb

83

(4.8)

where ko = 2π/λo. These effective indices for the two cascaded regions can be exploited for
a number of dispersive properties based on their geometries and surrounding media.
Moreover, by changing the duty cycle, or period, the phase can be modulated as a function
of position across the surface.
5.2. Device design and analysis
For a grating to be subwavelength at a specific wavelength λo, the lateral period Λ
of the grating has to obey the following condition at normal incidence –



o
max  nc , ns 

(4.9)

where nc and ns are the refractive indices of the cover and substrate materials respectively.
The period of the grating has to lie in the subwavelength regime for 3 different regions for
the optical nano-hair structures: (a) pillars above the substrate consisting of air/alumina,
(b) pillars embedded in the substrate where the material system is alumina/fused silica, and
(c) substrate region made up of fused silica. The refractive indices of alumina and fused
silica are 1.62 and 1.44 respectively at λo = 1.55 μm. Based on the numerical values
computed for the three regions from equation (1.2), the period of the grating was chosen to
be 1.00 μm.
Rigorous coupled-wave analysis (RCWA) [21] was utilized to simulate the spectral
and phase response of the device at λo = 1.55 μm as a function of fill fraction.
The simulated hexagonal grating geometry has a lateral period of Λ = 1.00 μm, and
pillar heights below (hb) and above (ha) the substrate of 1.60 μm and 1.90 μm, respectively.
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Furthermore, the response of the device is polarization insensitive due to the symmetry of
the hexagonal gating lattice. As shown in Fig. 5.2, the amplitude of the transmitted beam
is > 97% for the simulated 30% - 80% variation in fill fraction. The phase variation plotted
as a function of the duty cycle (Fig. 5.2) is the overall phase φ experienced by the nanohair structures.

Fig. 5.2. RCWA simulations at λo = 1.55 μm of (top) peak transmittance,
and (bottom) phase variation with fill fraction at normal incidence.
The geometry of the nano-hair structures can be tailored to have a multifunctional
response. These composite structures are capable of acting as effective index structures for

85

a specific wavelength regime while acting as resonant structures for a different wavelength
region. Based on the device parameters given above, the resonant property of the nano-hair
structures were evaluated with RCWA simulations. Fig. 5.3 shows the presence of
resonance peaks 1269 nm and 1307 nm with linewidths of ~ 2 nm. The same device acts
as a phase optic at the design wavelength of 1550 nm.

Fig. 5.3. Resonant behavior of the nano-hair structures at a different
wavelength region under normal incidence conditions.
One of the concerns with sub-wavelength structures is the scattering introduced
throughout the structure. In order to understand this, field computations were performed in
the incident, pillar region (air and embedded regions), and the substrate. The Ex, Ey, and
Ez field components in these regions are plotted in Fig. 5.4 for an intermediate duty cycle
value of 0.58 illuminated at normal incidence. From the field profiles, it is evident that
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scattering at the intended wavelength (λo = 1.55 μm) is not an issue, and that the field
remains planar in each nano-hair. However, a slight difference in the field profile can be
seen between the ha and hb regions of the nano-hair. This difference is a result of the two
regions having slightly different effective indices.

Fig. 5.4. Field profile in the optical nano-hair structure for the 0.58 duty
cycle case showing confinement of the fields in the pillars. Illumination is
at normal incidence.
In order to demonstrate the applicability of nano-hairs for optical phase encoding,
a binary phase plate with azimuthally alternating phase sections was chosen. This design
has alternating regions of nano-hairs with open areas as illustrated in Fig. 5.5. In the
example under consideration, the phase plate consisted of N = 16 sections (m = 0,…, (N-
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1)). The phase variation in each section m can be expressed as a mathematical function of
the form –

2
2
 
 m  1 ,
N
N
; m  0,..., ( N  1).

  m    1 ;
m

(4.10)

By combining the phase plate geometry along with the optical nano-hair structure
(Fig. 5.5(b)), alternate 0 and π phase can be introduced between the different sections.

Fig. 5.5. (a) A step phase plate with azimuthally alternating N phase
sections, and (b) Proposed nano-hair geometry to mimic the phase function
of the optical element in (a).
5.3. Device fabrication
Fabrication of the nano-hair structures starts with the lithography and patterning of
a fused silica substrate. This is then followed with an etch process to create the deep holes
that are then filled using a conformal deposition process. Once the holes are filled, the top
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surface is etched away to reveal the top of the posts. This template is then subjected to an
etch process to expose the desired amount of the posts as highlighted in Fig. 5.6.

Fig. 5.6. Illustration of the fabrication sequence. (a) Chrome coated fused
silica substrate, (b) Patterned photoresist on the substrate, (c) Photoresist
pattern transferred to the chrome layer, (d) Grating patterns transferred to
the substrate using an oxide etcher, (e) Alumina deposited on the patterned
substrate using an ALD, (f) Planar alumina on top of the structure etched
using a III-V etcher, and (g) Fused silica etched around the filled alumina
holes finally forming the optical nano-hair structures.
The nano-hair fabrication starts with a 100 mm diameter UV grade fused silica
substrate topped with 200 nm of chrome. The wafers were cleaned and coated with a 1 μm
thick layer of AZ MiR 701 photoresist. Following a post applied bake, a GCA i-line 5X-
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reduction stepper tool was used to print the necessary exposures using a two-step exposure
process.
The first exposure is with the base hexagonal grating lattice of period 1.00 μm with
a hole diameter of 0.78 μm over a 10 by 10 mm die size. The second exposure biases the
existing grating with a binary, large-feature azimuthally varying binary pattern. In the
doubly-exposed areas, overexposure washes out the grating design, ultimately removing it
from the substrate. This leaves behind alternating regions of patterned and non-patterned
surface in the form of pie wedges to produce a phase offset. This process is shown in Fig.
5.7.

Fig. 5.7. (a) Base hexagonal grating pattern with a period of 1.00 μm. (b)
Binary mask used to bias the hexagonal grating (c) Formation of regions
with and without the hexagonal grating patterns to produce the phase offset.
The developed pattern was then transferred into the chrome layer using a wet
chromium etch 1020AC solution. The preserved surface topology of the chrome and
photoresist layers allows both materials to act as etch masks in the etch process. A Unaxis
Versaline Inductively Coupled Plasma (ICP) oxide etcher transferred the pattern into the
substrate to a depth of 3.50 μm using CHF3 and O2 gas chemistry. The flow rates of CHF3
and O2 were 70 sccm and 2 sccm respectively, where sccm is stands for standard cubic
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centimeters per minute. The ICP power was 800 W and the RF power 40 W. The etch rate
of fused silica obtained was 240 nm/min. The photoresist to fused silica etch selectivity
was 1.8: 1 and that of chrome to fused silica was 10: 1. Any residual organic matter on the
surface of the wafer was removed using an oxygen plasma following the transfer etch.
Unused chrome was cleared from the substrate via wet chrome etchant.
The etched and cleaned holes in fused silica were conformally coated with alumina
(Al2O3) by atomic layer deposition (ALD) using an Oxford OpAL tool with a Trimethyl
Aluminum (TMA) precursor. TMA has high vapor pressure and is directly drawn into the
chamber without any bubbling during the ALD cycle. The process cycle for material
deposition with an ALD tool is shown in Fig. 5.8 [110].

Fig. 5.8. Typical process cycle for deposition with an ALD tool. Each cycle
consists of 4 steps – precursor dose, followed by an Ar purge, O2 plasma for
the formation of the required material and a post plasma Ar purge.
The precursor attaches itself to the surface of the wafer by chemisorption and this
is followed by an Ar gas purge. At this stage, oxygen plasma is used to form an atomic
layer of alumina. A short post plasma purge completes one ALD cycle which takes ~5 s to
complete and the deposition rate of alumina formed this way was found to be 0.122
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nm/cycle. The conformal nature of the deposition is crucial because it allows for precise
coating over structures of any aspect ratio. Since the largest hole radius obtained from the
fabrication was 0.39 μm, a thickness of 0.50 μm for the Al2O3 was deposited on the wafer.
This completely filled the cylindrical holes, submerging the grating beneath a planarized
Al2O3 layer on top of the structure. This step is crucial, since any other deposition would
require 3.50 μm of alumina and would likely create air voids within the desired structures.
The ALD has an inherent advantage in the conformal aspect as compared to other methods.
Following the alumina deposition, a STS III-V ICP Compound Semiconductor etch
system with a BCl3-based etch chemistry was used to selectively remove 0.50 μm of the
planarized alumina coating from the top of the device. The flow rate of BCl3 used in the
etch process was 50 sccm. The etcher uses a planar type inductively coupled radio
frequency (13.56 MHz) plasma coil arrangement. The coil and platen powers used in the
process were 800 W and 250 W respectively. The etch rate of alumina was 40 nm/min.
This fabrication sequence of filling up etched grooves/holes using an ALD deposition and
removing the planarized layer from top by etching the metal-oxide to encapsulate a grating
has been discussed in [111]. Once the top surface of the Al2O3 is removed, the nano-hair
structures are created by etching away the fused silica surrounding the alumina filled
cylindrical holes using the ICP oxide etcher. The gas chemistry in the oxide etcher does
not react with alumina and thus forms a natural etch stop. The fused silica was etched to a
depth of 1.90 μm; however, taller pillar structures may be made if the initial transfer etch
is deeper, since the conformal deposition is not as sensitive to the hole depth. The final
result is an array of 1.90 μm tall alumina pillars surrounded by air and buried in the fused
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silica substrate, providing mechanical support to the standing pillars. Top-down scanning
electron microscope (SEM) images of the fabricated devices are shown in Fig. 5.9. The fill
fraction of the exposed region was measured to be 0.78.

Fig. 5.9. Top-down scanning electron micrograph of the proposed optical
nano-hair structure at (a) 2000X, and (b) 6000X magnification.
5.4. Device testing
Based on the RCWA simulations, the phase modulation calculated for the
fabricated structures was found to be 0.90π. Based on the numerical values, the far field
diffraction pattern of the structure was simulated based on the binary phase pattern in
equation (1.3). The simulated intensity pattern is shown in Fig. 5.10(a).
The far-field patterns of the fabricated structure were measured experimentally at
λo = 1.55 μm using an Agilent tunable laser source with output power of 100 μW. The
output of the laser was coupled with a fiber collimator that has a 1/e2 value of 1.364 mm,
and directed to be normally incident on the device. A near-IR CCD camera was used to
collect the image of the transmitted diffraction pattern. Normalized to the incident
illumination, 93.5% transmitted power was measured through the device plane. This value
93

is consistent with the numerical simulations that predicted a drop in transmission of 2% on
one interface with the nano-hair structures and 4% on the other interface without the
structures due to Fresnel reflection losses. This measurement confirms that all the incident
power is transmitted through the device in the zero diffraction order and there is no power
coupled into the higher orders. The experimental measurement of the far-field diffraction
pattern through the fabricated device is shown in Fig. 5.10(b), showing good agreement
with the simulated far field diffraction profile.

Fig. 5.10. (a) Simulated far-field diffraction pattern for the optical necklace
beam at λo = 1.55 μm, and (b) Experimentally measured far-field diffraction
pattern at λo = 1.55 μm of optical nano-hair structures using an IR camera
on structures corresponding to a phase shift of 0.90π.
5.5. Extension of the device concept
Although the previous example consisted of a single duty cycle, the proposed
optical nano-hair geometry is not limited to a single fill fraction. The fill fractions can be
changed in different regions across a die to get the desired phase variation in the incident
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beam as shown in Fig. 5.11. We fabricated a variable fill fraction optical nano-hair device
based on this principle with two different duty cycles.
The same fabrication steps outlined in Section 5.3 were followed with a few
variations. The exposure dose, while fabricating the base hexagonal grating lattice, was
adjusted so that a fill fraction of 0.58 was obtained. The second exposure was performed
using the binary mask as before. In this case, the exposure dose was adjusted to obtain a
duty cycle variation in the areas that were doubly exposed.

Fig. 5.11. (a) Base hexagonal grating pattern with a period of 1.00 μm. (b)
Binary mask used to bias the hexagonal grating (c) Formation of regions
with different fill fractions to produce a phase offset.
The top down SEM image of the devices with duty cycle variations is shown in Fig.
5.12. The duty cycle variation between the single and double exposure areas can be clearly
seen from the images. Variations in fill fraction range from 0.58 to 0.78. This approach can
further be applied to create much more complex duty cycle variations based on additive
lithography steps of binary and analog intensity masks in lithographic patterning, for space
variant guided mode resonant devices based on duty cycle variations as presented
in [106,112].
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The morphology of the fabricated nano-hair structure with the fill fraction variation
is shown in Fig. 5.13. The SEM micrograph was obtained by tilting the substrate, allowing
the heights of the pillars to be measured at 1.90 μm. In comparison with the RCWA
simulations of Fig. 5.2, the phase in transmission was evaluated to be 0.45π.

Fig. 5.12. Top-down scanning electron micrograph of the optical nano-hair
structure with wedges representing the fill fraction variation at (a) 1100X,
and (b) 5000X.

Fig. 5.13. SEM micrograph of the fabricated alumina optical nano-hair
structures on a fused silica substrate. The dielectric pillars are clearly visible
and the height was measured to be 1.90 μm. The fill fraction variation is
also distinctly seen.
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5.6. High power laser testing
With applications in beam conditioning and higher order mode coupling, the metaloxide nano-hair effecting index structures were shown to be capable of modifying the beam
transmitted through the device. The transmitted far-field profile at 1.55 μm demonstrated
a non-Gaussian profile distribution. Since the device was fabricated with materials
compatible with a high power laser system, the performance of the devices was
investigated at high power densities.

Fig. 5.14. (Top) Experimental setup for high power testing of the nano-hair
devices at 1550 nm with a fiber amplifier. (Bottom) Transmission versus
incident power density is plotted.
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The output beam from a NuFern fiber amplifier was used as the input. The beam
size was then modified to obtain a 94 μm beam diameter with appropriate
focusing/collimating lenses, yielding a maximum power density of 206 kW/cm2.
Experimental setup for the high power laser testing is shown in Fig. 5.14. The power in the
incident beam was scaled, and the transmission through the device was measured. The
transmitted power versus power density is shown in Fig. 5.14. It can be seen that the
transmitted power through the metal-oxide nano-hair structure remained constant through
all the power densities investigated; making them a viable option for beam shaping in high
power laser systems [113].
5.7. Fresnel lens structure with hafnia nano-hairs
Discrete phase representation with nano-hair structures was elaborated in this
chapter. But to represent diffractive optical elements with this method, a full 0-2π phase
control is necessary. The concept was extended to a subwavelength grating based Fresnel
lens structure as shown in Fig. 5.15. The material system used in this example consists of
hafnia (HfO2) on a fused silica substrate. Fill fractions of the gratings are varied in each of
the zones of the Fresnel lens structure (Fig. 5.15(b)) with a controlled, single step
lithographic process. Fabrication sequence of these devices was very similar to the one
shown in Fig. 5.6. The hafnia layer was deposited with an ALD tool.
Because the coating consisted of pure hafnia, stresses in the deposited films were
observed, and this lead to formation of cracks in the fabricated nano-hair structure (Fig.
5.15(d)). There was also some mask erosion observed in the final device due to a chrome
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mask that was used to etch the fused silica substrate. To reduce the stresses in a pure hafnia
film, new material compositions have been investigated in the next chapter based on
interlacing the hafnia coatings with alumina coatings to balance out the stress in the
deposited materials to obtain a more robust device.

Fig. 5.15. (a) Fresnel lens structure. (b) Gradual fill fraction variation seen
in each of the zones of the Fresnel lens. (c,d) Fabricated hafnia nano-hair
structures mimicking a lens profile. The grating material is hafnia,
embedded on a fused silica substrate.
5.8. Summary
In summary, we introduced a novel fabrication method for the fabrication of metaloxide nano-hairs for applications with the effective index in optical elements. These
structures are based on partially embedded metal-oxide rods in a low index optical substrate
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for subwavelength gratings with high index of refraction for modulation of the local
effective index. Successful design, simulation, fabrication, and testing of these devices
have been shown. The functionality of the device is based on approximating a
heterogeneous grating layer as a homogeneous effective index medium in two independent
regions – cylinders buried in the substrate with a portion remaining as pillars surrounded
in air. The fabrication sequence utilizes conventional photolithographic techniques to
pattern and etch the devices. Moreover, the exploitation of ALD with the patterning and
etching of fused silica provide a well-controlled process that can easily be scaled to high
volume and higher aspect-ratio structures. By modifying the local fill fraction, stepped
and/or continuous phase functions can be realized. This can be used as a powerful
alternative to fabricating 3D profiles using simple fabrication steps and the experimental
data presented validates this statement. The proposed technique can provide better
impedance matching at the interfaces by reducing the refractive index discontinuity,
especially for a high contrast structure. Although fused silica and Al2O3 nano-hairs were
exploited in this example, other material systems, for instance hafnium oxide (HfO2) can
be explored as potential alternatives.
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CHAPTER SIX

SUBWAVELENGTH GRATING BASED METAL-OXIDE NANO-HAIR
STRUCTURES FOR OPTICAL VORTEX GENERATION
6.1. Introduction
Diffraction gratings continue to play an important role in modern optics with
applications ranging from polarizers, beam splitters, mode converters, holography, beam
deflection, and interferometry, to name a few [5]. Diffraction grating based elements or
artificial dielectric elements have been shown to mimic the optical functionalities of
conventional diffractive optical elements (DOEs) [7,14,96,97]. In order to control the
propagation of light like a DOE with artificial dielectric elements, it is imperative to design
devices that provide for both amplitude and phase modulation (between 0 and 2π)
simultaneously. In addition to realizing the optical functionalities, artificial dielectric
elements have been shown to have other interesting properties, such as polarization
manipulation [114],

achromaticity [7],

anti-reflective

properties [104,115],

hydrophobicity [115], etc.
One of the DOEs that has attracted significant attention in the recent years for its
unique properties is for generation of beams that carry orbital angular momentum (OAM),
often referred to as optical vortices [32,116]. The electric field distribution of an optical
vortex function is mathematically represented as E ~ exp (j · m · φ), where φ is the azimuthal
angle distribution around the center of beam propagation axis and, m is the topological
charge of the optical vortex. Since an optical vortex beam carries an angular momentum of
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(m· ℏ) per photon, it has been proposed that these beams are capable of providing another
multiplexing dimension to increasing the data capacity of existing optical communication
systems [39,117]. OAM carrying beams have been developed for other applications
including

micromanipulation [118],

optical

trapping [119],

and

quantum

entanglement [120].
Optical vortex beams can be generated using many techniques, including spatial
light modulators [121], and spiral phase plates [122]. More recently, grating based
approaches have been used to generate OAM carrying beams [123–127]. Metasurfaces for
OAM generation have gained interest because of their ability to achieve planar, compact
elements through a single lithographic step without a need for complex and precise
alignment between the different layers, enabling integration of these optical elements using
micro-fabrication techniques. Many implementations of planar OAM generators have been
realized, but suffer from poor efficiency when fabricated. Plasmonic metasurfaces have
limited efficiencies because of high intrinsic absorption present near the plasmonic
resonances in the metal [123,124], making them impractical for applications requiring high
efficiencies in transmission. Dielectric metasurfaces offer a solution to this issue of losses
encountered in plasmonics. High contrast grating based OAM generators were investigated
in [125,126]. Most efforts so far have used either plasmonic resonances in the metal or Mie
resonances in dielectric materials. Designs based on non-resonant structures for OAM
generation have not been explored in great detail due to the high aspect ratio requirements
of these elements.
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In this chapter, subwavelength grating based multi-material, all-dielectric nano-hair
structures will be introduced for successful OAM generation at λo = 1.55 μm with a high
diffraction efficiency. Nano-hair geometry based optical elements for cylindrical beam
array generation in transmission was proposed in [128]. For the fabrication of these vortex
elements, conformal deposition and etching has been utilized as an elegant way to achieve
high aspect ratio gratings in fused silica. The phase of the transmitted beam is manipulated
by the nano-hair structures based on their width and spatial density. The two different
regions – above and below the substrate – modulate the phase, thereby providing an
additional degree of freedom in realizing DOEs [109,128]. In addition, a graded index
system has been created within each of the submicron sized nano-hairs to help relax the
aspect ratio requirement of the device and simultaneously provide a high efficiency in
transmission.
6.2. Device design and analysis
The schematic of the proposed device is shown in Fig. 6.1. The metal-oxide nanohair optical vortex is based on a simple, all-dielectric structure that can be fabricated with
a relaxed process space; precision alignment and, depths associated with the fabrication of
a conventional DOEs are not required.
The necessary phase in transmission to mimic an optical vortex structure was
obtained by modulating the fill fraction of subwavelength gratings azimuthally about the
center of the device [Fig. 6.1(b)]. This is possible provided the periodicity of the grating is
such that only the 0th order propagates in transmission at the design wavelength λo and all
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the other higher orders are evanescent. When this condition is satisfied, the effective
refractive index of the grating structure can be obtained by effective medium theory [13];
which states that a subwavelength grating can be approximated as a homogenous layer
having an effective refractive index.

Fig. 6.1. Schematic of the proposed subwavelength grating based, metaloxide OAM generating nano-hair structure. (a) Unit cell of the device
showing the alternate material layers. (b) Overall morphology of the device
showing the gradually changing fill fraction about the azimuth.
At λo = 1.55 μm, for a grating to be fully subwavelength when the substrate is fused
silica (nFS = 1.4438) and the superstrate is air (nAir = 1.0), the grating period should be, Λ
< (λo/nFS) or Λ < 1.073 μm. A grating period of Λ = 1.00 μm was chosen for the device
implementation. To obtain a polarization insensitive response at normal incidence, a
hexagonal grating geometry was chosen with the same grating periodicity. There are no
closed form approximations available for estimating the accurate effective refractive index
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of 2D subwavelength gratings. Numerical methods based on rigorous electromagnetic
routines are often employed to obtain the effective refractive index [18].
The optical performance of the device was analyzed using Rigorous Coupled Wave
Analysis (RCWA) [21] before device fabrication. The device geometry for one of the fill
fractions in shown in [Fig. 6.1(a)]. The lateral grating period is Λ = 1.00 μm, design
wavelength λo = 1.55 μm, the height of the nano-hairs above the substrate, ha = 4.50 μm,
the height of the nano-hairs below the substrate, hb = 0.50 μm, and the incident polarization
vector is along the y- direction. The nano-hair posts were created with a multi-material
geometry. The posts were formed in a fused silica substrate and consist of alternate
cylinders of alumina and hafnia. Mixed material optical films have been used for high
reflectance coatings for the UV [129], bandpass filters and antireflection coatings [130],
among many other applications. In this paper, a similar approach has been employed and
mixed metal-oxide coatings have been used for the device design. In order to have a high
transmission at the design wavelength while simultaneously achieving the desired phase
modulation over the device, the thickness of the first layer of alumina was chosen to be 60
nm, the second layer consists of 100 nm of hafnia, the third layer consists of 60 nm of
alumina, and the fourth layer consists of 250 nm of hafnia. The thickness of all the materials
combined is less than 0.50 μm. This is much lower than the overall height of the device
(5.00 μm), thereby relieving the stresses in the optical films.
The amplitude and phase response of the different fill fractions (varied between
45% and 80%) at the design wavelength in transmission is shown in [Fig. 6.2(a)]. It can be
seen that the transmitted amplitude, at normal incidence, through these structures is greater
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than 95% for all the fill fractions considered. Phase modulation between 0 and 2π can also
be obtained for these multi-material structures.

Fig. 6.2. Simulations of the spectral and optical performance of the device
at the design wavelength, λo = 1.55 μm. (a) Intensity and phase variations
in transmission through different fill fractions. (b) Effective refractive index
of the multi-material (HfO2 + Al2O3) and single material (Al2O3 only) nanohair structures, as the fill fraction is modulated.
The overall effective refractive index variation of the nano-hair with fill fraction
modulation is shown in [Fig. 6.2(b)]. The effective refractive index of the multi-material
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nano-hair structure changes from 1.20 to 1.56 as the fill fraction increases from 45% to
80%. The multi-material metal-oxide nano-hairs help reduce the aspect ratio requirements
of the device and have a high efficiency in transmission since the incident wave has a better
optical impedance match with the device geometry; the refractive index discontinuities at
the interfaces is reduced. In contrast to this, a pure alumina based nano-hair structure would
demand a much higher aspect ratio to achieve the full 2π phase modulation since the
effective refractive index of such a device varies from 1.16 to 1.39 for the same fill fraction
variation [Fig. 6.2(b)].

Fig. 6.3. (a) Propagation of a Gaussian beam through the subwavelength
grating based nano-hair vortex creating a vortex beam of topological charge
m = + 1; the Poynting vector of the generated beam wraps around the axis
of propagation creating a spiral wave with a null at the center due to the
phase singularity present in the device. Simulated far field (b) annular
intensity profile, and (c) phase profile, generated by the multi-material
nano-hair vortex structure.
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The propagation of a Gaussian beam through the OAM generator based on nanohair structures proposed in [Fig. 6.1(b)] has been depicted in [Fig. 6.3(a)]. It can be seen
that a planar wavefront incident on the device (lying on the x-y plane) travels in a helical
pattern along the axis of propagation (z-axis) after passing through the device. The far-field
intensity and phase profiles of a Gaussian beam incident on the vortex nano-hair structure
of [Fig. 6.1(b)] were simulated using beam propagation through the computed effective
index of the individual wedges of the device. A 2D projection of the simulated far-field
optical vortex intensity pattern looks like a ring or a “donut” [Fig. 6.3(b)] with the diameter
of the dark center increasing with the topological charge m of the vortex. The simulated
far-field phase generated by the device is shown in [Fig. 6.3(c)].
Numerical simulations were performed with RCWA to understand the electric field
intensity distribution inside a unit cell of the multi-material nano-hair structure. For the
field computations in Fig. 6.4, a plane wave of unity intensity was assumed to be normally
incident on a unit cell of the device (45% fill fraction) from the top with the fused silica
substrate present below the posts. Two different polarization scenarios were considered;
for the cases when the electric field vector is along the x- and y- directions. It can be seen
that the fields present in the unit cell of the nano-hair structure are not highly confined to
the posts; but exist in a more homogeneous environment (effective index structure) leading
to a standing-wave interference pattern within the unit cell. There is an interaction between
the adjacent posts at the design wavelength for both the polarization conditions, therefore
the nano-hair structures cannot be considered as low quality resonators at λo.
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Fig. 6.4. Field intensity distributions in a unit cell of the multi-material
nano-hair structure for a specific fill fraction of 45% for two different
polarization conditions – electric field vector along the x- and y- directions.
Plane wave with unity intensity is incident from the top of the device with
the fused silica substrate present below the nano-hair posts.
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6.3. Device fabrication
The devices were fabricated using a standard photolithographic process as
illustrated in Fig. 6.5. The fabrication process developed in this chapter is capable of
producing multiple devices on a single substrate as opposed to other techniques like ebeam lithography where each device must be written individually. The fabrication of the
multi-material, metal-oxide nano-hair devices were carried out on a 4” fused silica
substrate. The chrome layer was deposited on the substrate to a thickness of 300 nm [Fig.
6.5(a)]. Before spin coating the photoresist, a spin-on anti-reflection layer was coated on
the chrome layer to suppress any backside reflections. AZ MiR 701 photoresist was then
coated on the substrate.
The exposures of the gradient fill fraction hexagonal grating patterns were carried
out on a 5X-reduction stepper using a four-step process. The substrate is not removed
during the four-step process; so there is no need for complex alignment to fabricate the
structures. The first exposure exposes the base hexagonal grating with a period of 1.00 μm
with a fill fraction of 40% at an energy Eo mJ/cm2. The subsequent three exposures with
binary masks over the base grating modulates the fill fraction of the hexagonal grating in
the different sections [112]. For instance, the first wedge does not have an additional bias
exposure, so the exposure energy of the gratings in that wedge is simply E o mJ/cm2. The
second wedge has an additional bias exposure, thereby making the exposure energy of the
gratings in that wedge equal to (Eo + 1·Eb) mJ/cm2. Proceeding in a similar manner, the
last wedge has an exposure energy equal to (Eo + 7·Eb) mJ/cm2. The SEM images of the
fabricated template with the variable fill fractions is shown in Fig. 6.6.
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Fig. 6.5. Illustration of the fabrication sequence. (a) Chrome coated fused
silica substrate. (b) Gratings patterned on a thin photoresist layer;
transferred into the spin-on antireflection coating layer. (c) Photoresist layer
used as a mask to transfer the grating patterns into the chrome layer via a
dry chrome etch process. (d) Chrome grating patterns on the fused silica
substrate. (e) Coat a thick layer of positive photoresist over the chrome
grating patterns. (f) Expose the substrate from the backside to transfer the
gratings into the thick photoresist layer. (g) Deep etch the fused silica
substrate using the chrome/thick photoresist mask. (h) High aspect ratio
holes etched into the fused silica substrate. (i) Alternate layers of alumina
and hafnia deposited using a conformal deposition process. (j) Etch the
planar layer on the top exposing the filled cylindrical holes. (k) Etch the
fused silica substrate around the filled holes to expose the multi-material,
metal-oxide nano-hair grating patterns.
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To obtain 8 wedges with different fill fractions, 3 binary masks are used over the
base hexagonal grating pattern. This process resulted in producing the modulated vortex
fill fraction pattern over a 5 mm by 5 mm die size. The modulated grating patterns thus
produced were etched into the anti-reflection layer [Fig. 6.5(b)] using an oxygen plasma
etch process with 30 sccm (standard cubic centimeters per minute) of O2, 1000 W of ICP
power and 50 W of RF power at a pressure of 5mTorr, 15 °C.

Fig. 6.6. (a) Base hexagonal grating pattern with a period of 1.00 μm. (b)
Superposition of 3 binary masks used to bias the hexagonal grating (c)
Formation of azimuthal variation of the fill fraction of the the hexagonal
grating patterns to produce the phase offset.
The patterned and developed photoresist layer was used as a mask to transfer the
vortex grating patterns into the chrome layer using a dry etch process [Fig. 6.5(c)]. The
reactive ion etch (RIE) process used 50 sccm of Cl2, 15 sccm of O2, RF power of 45 W,
pressure of 95 mTorr at 30 °C to etch through the chrome layer. The remaining photoresist
and antireflection layer were cleaned from the substrate leaving behind the chrome grating
patterns alone [Fig. 6.5(d)]. SPR 220 photoresist was coated over the chrome grating
patterns to completely fill the grating holes as shown in [Fig. 6.5(e)]. The photoresist was
exposed from the backside (through the fused silica substrate), and the chrome grating
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patterns are transferred into the thick photoresist layer as seen in [Fig. 6.5(f)]. The well
preserved modulated vortex grating patterns in the chrome and photoresist layer allows
both materials to act as an etch mask for the subsequent deep fused silica etch process.
An ICP etch process is used to deep etch the fused silica substrate using a CHF3/O2
gas chemistry. The etch process calls for 70 sccm of CHF3, 2 sccm of O2, ICP power of
800 W, RF power of 80 W at a pressure of 10 mTorr, 15 °C. The presence of the two etch
masks helps in achieving an etch depth ~5.00 μm for submicron sized hexagonally placed
holes without much of an etch bias between the different fill fraction wedges while
simultaneously having a good anisotropy. The chrome layer is not etched all the way
through to avoid mask erosion [Fig. 6.5(g)]. The residual organic matter after the fused
silica etch was removed by using an oxygen plasma clean. The remaining chrome layer on
the wafer was cleared by using a wet chrome etchant [Fig. 6.5(h)].
The high aspect ratio holes formed in fused silica were coated with alumina (Al2O3)
and hafnia (HfO2) using an atomic layer deposition (ALD) process. The ALD process is
self-limiting, conformal in nature and very important for forming the optical nano-hair
structures – deposits materials equally on all faces (top, bottom, and sides), even for high
aspect ratio structures. Plasma processes involving O2 and the corresponding precursors
for alumina (TriMethyl Aluminum, TMA) and hafnia (TetrakisEthylMethylAmino
Hafnium, TEMAH) were used for the deposition. TMA has high vapor pressure and is
directly drawn into the chamber without any bubbling during the ALD cycle. The precursor
attaches itself to the surface of the substrate by chemisorption and this is followed by an
Ar gas purge. At this stage, oxygen plasma is used to form a well-controlled, atomic layer
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of alumina. A short post plasma purge completes one ALD cycle which takes ~5 seconds
to complete and the deposition rate of alumina formed this way was found to be 0.122
nm/cycle. TEMAH has a very low vapor pressure and has to be bubbled into the chamber
using Ar gas during the ALD cycle. The rest of the steps to form a monolayer of hafnia are
similar to the TMA deposition processes. The deposition rate of hafnia is ~0.103 nm/cycle
and each cycle takes ~15 seconds. These depositions were used to form the alternate
alumina and hafnia layers for the vortex nano-hair structure. The first layer is formed with
60 nm of alumina, the second layer is formed with 100 nm of hafnia, the third layer is
formed with 60 nm alumina and the last layer is formed with 250 nm of hafnia [Fig. 6.5(i)].
The overall deposition thickness is much lower than the height of the grating structure (5.00
μm). The conformal nature of the ALD deposition is crucial for forming the structures since
any other deposition method will call for much higher deposition thicknesses, thereby
increasing the stresses in the films. There are no air voids that are formed within the
cylindrical holes and the deposition fully submerges the grating layer below a planar layer
of alumina/hafnia. This is not limited to the two alumina/hafnia layer pairs and can be
extended to multiple layer pair depositions within the high aspect ratio cylinders.
The next step in the fabrication sequence was to etch the planar layer of
alumina/hafnia formed over the grating region. A BCl3 and Ar based etch process was used
to etch the metal-oxide layers. The etch process uses 20 sccm of BCl3, 5 sccm of Ar, 1250
W of ICP power and 100 W of RF power at a pressure of 2 mTorr, 25 °C. This process
exposes the alternating layers of alumina and hafnia in the cylindrical holes [Fig. 6.5(j)].
A similar fabrication process has been used to form encapsulated resonant filter
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structures [111]. In the last step of the fabrication process, the fused silica substrate around
the filled high aspect ratio cylinders is etched down to 4.50 μm forming the optical nanohair structures [Fig. 6.5(k)]; using the fused silica etch process described above using CHF3
and O2. The etch chemistry used to remove the fused silica does not react with the alumina
and hafnia in the cylinders, thus acting as a natural etch stop. The final result is a hexagonal
array of modulated fill fraction gratings having concentric layers of alumina and hafnia
4.50 μm tall above the substrate surrounded by air and 0.50 μm below the fused silica
substrate. The outlined fabrication sequence is used to make all-dielectric, low-index
material system based multi-material, metal-oxide nano-hair optical vortex structure.
SEM micrographs of the fabricated subwavelength grating based multi-material,
metal-oxide nano-hair optical vortex are shown in Fig. 6.7. The fill fraction modulations
in the different wedges of the nano-hair vortex were measured and found to vary between
45% and 80% [Fig. 6.7(a)]. It can be seen that the last wedge of the device does not have
the nano-hair structures. This is because of the chrome etch process which tends to be
partially isotropic – the diameters of the grating holes expand upon etching, causing the
holes to merge if they are too close to each other. For this reason, the fill fractions of the
holes in the different wedges are higher than when originally exposed and developed. Due
to the absence of the nano-hair structures in the last wedge, the effective refractive index
of that wedge tends to be closer to 1. Incompletely closed holes on each of the nano-hairs
arise due to insufficient deposition of ALD materials to completely planarize on top of the
grating structures; the holes can be completely filled by depositing a thicker coating of the
last hafnia layer or by adding a layer of alumina. The depth of the holes in the center of
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each of the nano-hairs were found to be shallow, and the presence of these holes did not
affect the optical performance of the device. Figures 6.7(b) and 6.7(c) depict the
intersection of two different wedges clearly showing the fill fraction modulation present in
the device. The profiles of the nano-hair structures can be seen in [Fig. 6.7(d)]. The image
was taken at a defect area on a different location of the substrate to understand the
morphology of the fabricated nano-hair structures.

Fig. 6.7. SEM micrographs of the fabricated subwavelength grating based
multi-material, metal-oxide nano-hair optical vortex. (a) Top-down
micrograph showing the fill fraction variation in the different wedges. (b)
Intersection of two wedges showing different fill fractions. (c) Intersection
of two different wedges showing multiple fill fractions. (d) Structure of the
nano-hairs imaged at a defect area on a different section of the substrate.
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6.4. Device testing
The fabricated subwavelength-grating based nano-hair vortex devices were tested
at 1.55 μm. Based on RCWA simulations covered in Section 6.2, the phase in transmission
of the fabricated devices were estimated to be ~2.30π; the estimated phase is greater than
2π since one of the wedges of the device does not have the nano-hair structures, as
explained in the previous section. This causes the effective refractive index of light
propagating through that wedge to be equal to 1.
The far field intensity patterns generated by the fabricated device was investigated
experimentally at λo = 1.55 μm using a tunable laser source with an output power of 0.50
mW as shown in Fig. 8. The polarized laser output was coupled into a fiber collimator that
produces a beam with 1/e2 diameter of 1.364 mm. The nano-hair optical vortex device was
placed in the beam path and was directed to be normally incident on the device. An imaging
camera placed at the far field plane with respect to the device captured the transmitted
intensity pattern through the nano-hair vortex device. Simulated far-field vortex intensity
pattern is shown in [Fig. 6.8(a)]. The far field transmitted beam profiles were recorded both
away from the device and over the center of it. Away from the device, only the transmitted
Gaussian beam pattern was observed, whereas it can be seen in [Fig. 6.8(b)] that the device
produces a “donut” shaped intensity pattern consistent with the operation of an optical
vortex which possesses OAM; due to the fact that the phase in undefined at the center of
the beam. Linear interference between a Gaussian beam and the intensity pattern generated
by the nano-hair vortex structure used to study the phase modulation showed a single fork
shaped pattern [Fig. 6.8(c)] confirming that the far-field beam profile indeed represents an
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optical vortex structure (m = + 1). The pinching observed in the intensity pattern is because
the phase imparted to the incident beam is not exactly 2π, but ~2.30π. Normalizing to the
incident power, ~90% of power was measured to be transmitted through the device plane.

Fig. 6.8. Schematic of the experimental setup to characterize the
subwavelength-grating based nano-hair vortex structures at λo = 1.55 μm.
(a) Simulated far-field profile of an optical vortex beam. (b) Beam intensity
profile observed on the far-field image plane when the center of the device
is illuminated; confirming the operation of the optical vortex by producing
a “donut” shaped intensity profile. (c) Interference pattern of a Gaussian
beam with the vortex beam generated by the nano-hair structure indicating
the presence of a single fork-pattern (m = + 1 device).

6.5. Subwavelength gratings as antireflection structures
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Subwavelength gratings can also be designed to act as antireflection structures,
especially in high power laser systems where additional coatings are not typically desired
to minimize the Fresnel losses. This is because the coating materials and the substrate have
different coefficients of thermal expansion [108]; and on exposure to high powers from a
laser source, undergo differential heating mechanisms ultimately damaging or
delaminating these coatings. Alternatively, it is more desirable to fabricate the
antireflection layer on the same material as the substrate. A subwavelength grating based
antireflection structure was designed at 1550 nm with hexagonal geometry based gratings
on a fused silica substrate (where each fused silica/air interface has a 4% Fresnel loss
associated with it). The period of the grating was 1.00 μm, fill fraction was 68% and the
grating depth was 350 nm. Spectral response of this structure is shown in Fig. 6.9 along
with transmission though a bare fused silica substrate.

Fig. 6.9. Subwavelength grating based anti-reflective structures at 1550 nm.
The difference in transmission between the regions with and the without the
SWG is clearly visible.
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The fabricated coating was tested with a 1550 nm tunable laser. The SWG based
antireflection coating was shown to be capable of improving the transmission through the
substrate by ~4% (green curve in Fig. 6.9). The fringe patterns are visible in the
experimental data due to the Fabry-Perot effect arising from the finite thickness of the
substrate. The transmission through the substrate can be increased further by patterning the
other side as well.
6.6. Summary
In summary, an all-dielectric, polarization insensitive, subwavelength grating based
metal-oxide nano-hair structure was introduced for OAM generation at λo = 1.55 μm. The
implementation of the device is fully based on effective medium theory. In addition, the
nano-hair structures were formed with alternating layers of alumina/hafnia on a fused silica
substrate, thereby providing high diffraction efficiency in transmission. Presence of
multiple materials also relaxes the aspect ratio requirements of the DOE. The measured
diffraction efficiency of the device at the design wavelength was ~90% and this can be
improved further by incorporating subwavelength grating based antireflection coatings.
Realization of the nano-hair based structure is possible due to the exploitation of the
conformal coating property of the ALD, even for high aspect ratio structures. The full
control of amplitude and phase of the transmitted beam is crucial for miniaturization and
integration of the conventional refractive optical elements, and the proposed structures
have the capability to achieve that based on the experimental results presented.
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORK
Laser beam combining and beam shaping are two important areas for applications
in the fields of optical communications, high power lasers, and also in atmospheric
propagation studies. In this dissertation, our major focus was to design, fabricate, and
develop metaoptics for laser beam combining (both spatial and spectral), and for laser beam
shaping. For each of these topics considered, design and simulations of the optical system
were carried out initially to predict the system response and the experimental results served
as a verification platform for validating the proposed concepts.
One common spatial beam type of interest for laser beam combining are the beams
possessing a helical phase or carrying orbital angular momentum (OAM). Optical vortex
beams carrying different topological charges are orthogonal to each other, have low intermodal crosstalk which allows for efficient (de)multiplexing of data channels. In addition,
the system spectral efficiency can be improved since the same bandwidth can be reused for
additional data channels by encoding information in the spatial structure of the beams.
In this research, efficient multiplexing and demultiplexing of OAM carrying beams
were carried out by using optical geometrical coordinate transformation elements. It has
been shown that these coordinate transformation elements can be implemented as
diffractive optical elements to achieve multiplexed functionalities and the fabricated
devices are capable of mapping the azimuthal phase gradients in the OAM carrying beams
to linear phase gradients after the log-polar coordinate transformation. The information
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contained in the linear phase gradients can be decoded by using a simple lens that maps the
amount of linear phase gradient on the beam to appropriate locations at the focal plane of
the lens. The experimental system was shown to have an overall efficiency of ~80%
(limited by the Fresnel losses in the diffractive optical elements). In addition, it was shown
that if light passes thorough these elements in the reverse order, the system is capable of
spatially multiplexing different OAM states together.
The concept was also extended to different wavelength regimes and mode orders
up to l = ±16 were shown to be generated with these log-polar coordinate transformation
elements with high efficiencies. System efficiency of ~70% is observed experimentally and
this number can be higher than 85% if appropriate antireflection coatings are applied to the
diffractive optical elements to suppress the Fresnel reflection losses at the different
substrate/air interfaces. The spatial beam combining technique is advantageous because the
efficiency of the system is not dependent on the number of OAM states being combined.
Also, the proposed system is capable of generating coaxially propagating beams if the fiber
inputs are situated in a vertical array with a standard pitch. If the fiber inputs to the systems
are not placed at the appropriate locations, the system is capable of generating fractional
OAM states in addition to the integral OAM states. This method can be employed in optical
communication systems and also for high power incoherent/coherent laser combining.
Another elegant application of the log-polar coordinate transformation system for
spectral beam combining was described. Instead of aligning the fiber sources vertically, if
the sources are aligned horizontally, then different wavelengths emitted by these individual
fibers can be spatially overlapped in the far-field plane. A study on the effect of the
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variations of the different system, design parameters were carried out to understand the
influence of these on the far-field beam profiles. In addition, the beams obtained in the farfield plane were shown to be Bessel-Gauss in nature with enhanced depth of focus
properties compared to a Gaussian beam. Bessel-Gauss beams are also significant for freespace optical communications/propagations since the beams are self-healing in the
presence of obstacles. A proof of concept experiment was carried out at 450 nm to
understand and demonstrate the concept of spectral beam combining with two distinct
sources with high diffraction efficiencies.
Next, novel designs were investigated for the creation of subwavelength grating
based diffractive optical elements by spatially varying the unit cell patterns. These effective
index devices, referred to as nano-hair structures, are capable of producing a
multifunctional response – acting as a resonant device for one wavelength regime and
acting as a pure phase element for a different wavelength regime. A discrete phase function
representation was achieved with these nano-hair structures with alumina cylindrical pillars
on a fused silica substrate to mimic a step phase plate pattern and the conformal coating
nature of an ALD tool was exploited in the fabrication process. The fabricated nano-hair
structures demonstrated phase control of the transmitted beam while maintaining a peak
transmitted power in excess of 93% around 1550 nm. These devices were also shown to
withstand high power densities (206 kW/cm2) without any change to its transmission
property making them attractive for applications in high power laser systems.
In order to extend these devices to mimic continuous phase functions, multimaterial metal-oxide nano-hair optical vortex generator based on alternating layers of
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alumina/hafnia on a fused silica substrate was demonstrated at 1550 nm. The presence of
multiple materials in each one of the cylindrical posts helped relax the aspect ratio
requirement of these devices. The phase in transmission of these devices was strategically
controlled by azimuthally varying the fill fractions of the subwavelength grating. The
fabricated devices had a high diffraction efficiency of ~90%.
The concepts and framework developed with the nano-hair structures in this
dissertation can be extended, in the future, to create device designs for polarization
manipulation (linear to radial or linear to azimuthal polarization conversions). In these
devices, instead of varying the fill fraction of the constituent gratings, the orientation of the
linear grating unit cell can be changed at different locations for polarization manipulation.
In addition, these spatially varying gratings can also be used to mimic the phase response
of the log-polar coordinate transformation elements. If the phase of these elements is
represented with linear gratings of different orientations (Pancharatnam-Berry optical
element), they are capable of detecting both spin and orbital angular momentum states,
enabling a single measurement characterization of the full angular momentum eigenstate.
This is a very robust technique and can find potential applications in optical
communications, modal characterization, and optical testing.
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